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Regulation of Neurotransmitter Responses in the Central Nervous System
U.S. Air Force Contract F49620-85K0014
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The aim of this research program was to characterize and define the
manner in which neurotransmitter receptor systems are modulated and
modified in the central nervous system. The primary emphasis of the
research was on characterizing the manner in which y-aminobutyric acid
(GABA), through an interaction with GABA, receptors, augments second
messenger responses to other transmitter agents, in particular

norepinephrine. Given the hypothesis that the modulation of

neurotransmitter responses may be the primary mechanism for the subtle l

manipulation of central nervous system activity, a better understanding of

this process may make possible the development of drugs capable of -

enhancing or reducing central nervous system responses. In theory, such

agents may be useful in enhancing cognition, alertness, manual dexterity, 5
odes

and a variety of bodily functions that are under thg\ton1c control of the 3 g —

Dist Special
nervous system.

A-/

The idea for this study was generated by the discovery that GARA,

through an interaction at GABA, receptors, greatly augments the response
obtained in the presence of agents known to directly stimulate the
production of cyclic AMP. Of particular interest was the discovery that
GABA, agonists such as baclofen augment the response to norephinephrine, a
neurotransmitter agent known to be important for requlating a variety of
central nervous system functions. During the fifteen months of support, a
significant amount of progress was made in defining further the mechanisms
underlining the relationship between the GABA, receptor system and those

associated with second messenger production. Thus, it was found that the
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baclofen-induced augmentation of cyclic AMP accumulation is a
calciumdependent phenomenon since incubation of the brain slices with
EGTA, a substance that reduces extracellular concentrations of calcium,
greatly diminished the augmenting response to baclofen while leaving
unaltered the receptor response to a S-adrenergic agonist (isoproterenol).
This finding suggests that GABA, agonists facilitate the entry of calcium
into the cell which in turn is important for mediating the augmenting

response.

Similar data were obtained in a series of experiments aimed at
examining the influence of o -adrenergic receptor agonists on
isoproterenol-stimulated cyclic AMP accumulation. In these studies it was
found that the o« -adrenergic agonists, like baclofen, augment the second
messenger response. Moreover, the augmenting action of the o, -agonists was
also found to be a calcium-dependent phenomenon. This discovery indicates
that receptor modulation, regardless of the agents involved, has similar

characteristics at a biochemical level.

Given the suggestion that calcium is an obligatory factor with regard
to the augmenting response, experiments were performed to study the
relationship between various calcium-dependent processes and the GABA, and
o, —adrenergic receptor systems. Several years ago it was suggested by
others that the calcium-dependent enzyme phospholipase A, (PLA,) might be
involved in cyclic AMP production, suggesting that an examination of this
enzyme in the GABA, modulatory phenomenon was warranted. To this end, the
effect of quinacine, a nonselective inhibitor of phosphilipase A,, was
studied on the augmentation phenomenon. The results indicated that
quinacine completely abolished the augmenting response to both GABA  and
o, ~adrenergic agonists, supporting the notion that phosphilipase A, may be
an important link in the augmenting response. More direct evidence for

this conclusion was provided by the finding that corticosterone
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administration reduces the augmenting response as well. Thus, it has been
established that corticosterone administration stimulates production of
endogenous peptides (e.g. macrocortin) which inhibits PLA,. Assuming that
macrocortin is produced in brain, the present findings can be taken as
further evidence that phosphilipase A, activity is involved in mediating

the augmenting response to both GABA, and o -adrenergic agonists.

A major role for PLA, is to catalyze the conversion of membrane
phospholipids to arachidonic acid and lysophospholipid. Arachidonic acid
is, in turn, metabolized to a variety of biologically active substances,
such as the prostaglandins. To determine whether the production of
prostaglandins is the key factor in the modulating response, experiments
were performed with a variety of substances known to inhibit arachidonic
acid metabolism (indomethacine, ibuprofen, nordihydroguaiaretic acid). The
results of these experiments demonstrated that none of these substances
selectively influence the augmenting response, indicating that arachidonic
acid itself, or lysophospholipid, is important for regulating the

augmenting action of GABA, and o, -adrenergic agonists.

In a separate series of experiments, the effect of phorbol esters was
examined on the cyclic AMP generating response in brain slices. The
results indicated that tumor-promoting phorbol esters, substances known to
directly activate protein kinase C, a calcium~dependent enzyme, were, like
baclofen and o, -adrenergic agonists, capable of augmenting second messenger
responses to the f-adrenergic agonist. This finding indicates that, like
PLA,, protein kinase C may be an important enzyme in regulating the
modulatory response. Additional experiments revealed that neither GABA,
nor o, -adrenergic agonists have any effect on phospholipase C, an enzyme
that is normally activated prior to the in vivo stimulation of protein
kinase C. Given the suggestion that protein kinase C might contribute to

the modulatory response, this finding made it difficult to propose a model
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whereby this enzyme could be influenced by baclofen and o -agonists.
Recently, however, it is been found that a variety of fatty acids,
including arachidonic acid, are capable of activating protein kinase C.
This discovery may prove to be important in providing a link between the

results with PLA, and the phorbol esters.

Thus, based on the present data it would appear that activation of
either GABA, or o -adrenergic receptors leads to the entry of calcium ions
and to the stimulation of PLA,. When the PLA, is activated it catalyzes
the formation of arachidonic acid which, in turn, is capable of stimulating
protein kinase C. Like other kinases, it is known that protein kinase C
phosphorylates intercellular proteins, modifing their activity. Thus, the
augmenting response is presumably secondary to the phosphorylation of some
substrate that is important for regulating cyclic AMP accumulation. One
possible candidate is the inhibitory guanine nucleotide binding protein
(N, ) since it has been found in platelets that stimulation of protein
kinase C leads to the phosphorylation of this substance. A similar action
in brain could explain the augmenting response since N, exerts an

inhibitory effect on adenylate cyclase, the enzyme responsible for the

formation of cyclic AMP. Thus, by phosphorylating N, and reducing its
influence on adenylate cyclase, it would be expected that agents

stimulating cyclic AMP formation would yield a more dramatic increase in

-
e,
.
o
«

the production of this second messenger. Evidence that this may occur in \

. e

.
the brain was provided by some of our more recent experiments aimed at -

determining the phosphorylation pattern obtained in brain tissue following =

o
\Q
L]

2

exposure of the brian slice to phorbol esters. As shown in these studies,

A

a band of phosphorylation was found in an area corresponding to where N, ;ﬁ
should be present, consistant with the notion that this protein may serve

as a substrate for protein kinase C in brain. Accordingly, it appears

quite possible that the modulatory response obtained with GABA, and
o, ~adrenergic agonists is due to the ability of these substances to lead to
i
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a reduction in the inhibitory activity of a guanine nucleotide binding

protein coupled to adenylate cyclase,

In a separate series of experients we have undertaken an examination
of the developmental profile of the augmenting response to GABA, agonists.
The results indicate that the augmentation is detectable within a few days
after birth, increasing dramatically during the first week of development.
Interestingly, unlike most neurotransmitter receptor systems, the
augmenting response diminishes thereafter, such that by three weeks of age
it has returned to adult levels. By studying the characteristics of the
response in the developing brain when augmentation is most magnified, it
may be possible to obtain more precise information about the mechanism of
this response. Of particular interest is our recent finding that protein
kinase C has a developmental pattern similar to that fourd for the
augmenting response, providing additional support for our hypothesis that
protein kinase C may be a crucial enzyme for regulating neuromodulation in

brain.

Given the ultimate goal of developing novel pharmacological agents for
manipulating central nervous system function, the discovery of a
biochemical response to a neuromodulator can be considered a major step in
that direction. Thus, up to now, neuromodulatory substances were difficult
to study since there was no simple biochemical method for detecting the
response to such agents. In addition to providing new insights into the
mechanism of neuromodulation, the data from our studies yields a simple
method that can be used for the design, testing and development of such

agents.

Using this, and other approaches, attempts were also made to identify
novel GABA, receptor agonists and antagonists. Indeed, the absence of

GABA, receptor antagonists has been a major hinderance into defining the
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behavioral and physiological importance of this neuromodulating system.
During the course of our studies we found one agent (2-butyl-GABA) that
displays some antagonist properties in vivo, although its potency and
selectivity in this regard appear to be insufficient to warrant further
investigation. However, based on this finding we proposed to study the
action of 2-substituted baclofen analogs. In collaboration with a chemist,
we were able to synthesize sufficient quantities of 2-butyl-baclofen to
test in our system. However, the results with this agent were
disappointing, with 2-butyl-baclofen being virtually inactive as a GABA,
antagonist either in vitro or in vivo under our assay conditions.
Nevertheless, we believe that our initial findings with the 2-butyl analogs
of GABA may be an important lead in the development of selective, potent
and specific GABA, antagonists. This represents an important line of
investigation since, without such an agent, it will never be possible to
totally understand the importance of the GABA, system in regulating normal

central nervous system function.

In summary, during the funding period significant progress was made
toward understanding the biochemical characteristics of GABA, and
o, —adrenergic receptor-mediated modulatory responses in brain. Given the
fact that the underlying mechanism responsible for the augmentation
mediated by these two systems appears to be similar, it is conceivable that
the present data will apply to neuromodulation in general, and therefore
have applicability beyond the narrow scope of this project. Based on these
findings, it would appear that modulation of neurotransmitter responses
involves a number of separate elements including PLA,, protein kinase C,
arachidonic acid, and guanine nucleotide binding proteins. Given this
number of targets, it seems likely that novel therapeutic agents can be
developed that may be capable of influencing the modulatory response.
Because of the likelihood that a substance capable of influencing

neuromodulation will have a more subtle effect on neurotransmitter
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function, it seems possible that such an agent will have a great potential

for manipulating central nervous system activity both in normal and

dysfunctioning individuals.
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Receptor regulation: evidence for

a relationship between phospholipid
metabolism and neurotransmitter
receptor-mediated cAMP formation in

brain

S. J. Enna and E. W. Karbon

Neurotransmitier receptor responsiveness is regulated by a variety of factors.
One of these appears to be through an association between the neurotransmitter
receptor-coupled effector sustem and receptors for other substances that serve
to modify, rather than directiv activate or immhibit, the second messenger
response. S.]. Enna and E. W. Karbon review data indicating that the

. regulatory infiuence of GABAg and a- adrenergic agonists on receptor-

stimulated cAMP accumulntxon in prain slices may be mediated by calcium-
associateq enzymes, in particular phospholipase A, and protein kinase C. A
model is proposed linking these two enzwme sustems and an hypothesis
presented that this regulatorv action may be important for controliing receptor

sensitivity.

Neurotransmitter receptors plav a
fundamental roie in reiaying in-
formation within and between the
central and pe'mHeral nervous
svstems and are therefore primary
targets for pharmacological agents.
Most crugs of this tyvpe infiuence
receptor funchion directly by at-
taching to the receptor recognition
site, mimicking or biocking the
acnhon of the endogenous higand.
However, it is becoming increas-
Ingiy apparent that svnaphc act-
ivity 18 net an all or none
fnencmenon, but s subiest to
reguiatonvinfiuzences that conunu
ouslv maintamn & cermain level of
erween exiremes.
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of current medications appear due
to the desensitization or super-
sensitivity that result from pro-
longecd and persistent activation or
blockade of receptor sites. Thus it
is conceivable that agents infiu-
encing the regulatory mechanisms
associated with receptor function,
ratner than directly interacting
with the receptor itself, may in
some cases have more subtie and
therefore more therapeutically
useful effects. Inasmuch as the
deveiopment of such drugs re-
quires a detailed understanding of
tne mechanisms associated with
recepor regulation, the number of
studies on this topic has increased
inrecent vears. The presentreview
nl A.Algu.s one asoect of this work.

Regulation of cAMP production
Neuromransmitter receptor acti-
vation moc:ifies celiuiar acivity
tnrouch e couplhing between the
recogratien site and an effector
meInanism. in some cases the
recogminion site is directly assocli-
2teC with an 10n chananel, whereas
:n c:hers tne e‘“ ctor i1s 2 mem-

enzvme  that

gererates :'ne rroducuon cof a
cecernd messengert. Cne cf the
mest intensivelv  investicated
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cvclase™® Thus, activation of cer-
tain  neurotransmitter  recepror
recognition sites enhances adenvl-
ate cvclase activity, catalvang the
production of ¢AMDP trom ATI.
Other neurotransmitter receptors,
such as cholinergic muscannig, are
negatively coupled to this enzvme
such that their stimulation reduces
cvclase activity. In both cases the
receptor signal 1s transmitted to
the catalvtic unit of adenvlate
cyclase through a membrane-
bound guanine nucleotide bind-
ing protein (G), with a stimulatory
protein (G,) activating, and an
inhibitory protein (G,) reducing,
cAMP production. Once formed,
cAMP activates a kinase that
catalyses the phosphorylation of
select proteins resulting in a
modification in cellular activity.
The second messenger is subse-
quently converted to 3'-AMP by a
family of phosphodiesterases.
Thus, intracellular levels of cAMP
are regulated by the coordinated
interaction of a variety of cellular
components, with the modifica-
tion of any one having the
potential to influence receptor
function.

Some receptors do not appear to
be directly coupled to adenvlate
cvclase, since their activation alone
does not modify ¢cAMP produc-
tion. However, cAMP accumula-
tion is augmented dramatically
when these sites are stimuiated
simultaneously with those that are
positively coupled to G,*%. For
exampie, arginine vasopressin,
which by itself has no effect on
¢AMP accumulation in pituitary
corticotrophs, potentiates  the
second messenger response to
corticotropin-reieasing factor in
these celis®. Moreover, activation
of a-adrenergic receptors in brain
slices augments f-adrenergic re-
ceptor-stimuiated cAMP accumu-
iation, 2s does y-aminodutyric acid
(GABA) through an action at
GABAg receptors***® (Fig. 1). Be-
cause neither c-adrenergic nor
GABAR agonists infiluence cAMP
accumuiation when the train slice
1s exposed to them alone, 1t would
2ppear that their receptors serve to
reguiate, rather than mediate,
second messenger production.
C:nox.s'z\' exposure ¢f trainmem-
orane :rau'xe'l s, ra.ner :han intact

agomsts reduces adenviate cviiase
armvity, suggestung thatn :‘:'Or\eﬂ
Cels thev acuvate a refeninr that
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Fig. 1. Efiecis ¢! 5-p-chioropneny! GABA (baclofen) and phorpo! 12-myristate, 13-acetate
(PMA) on 1soproterenoi-stmuiated cAMP accumuiation in ra! brain cerepra! corical
sheces. Analysis 0! CAMP accumuiation was accomplished using a prelabeling tecnmque.
The resulis are expressec as the perceniage of total iritum present as [“HJCAM® (%
conversion). The basal % conversion was 0.05 wnhereas the % conversion in the
presence of isoproterenol (10 um) aione was 0.30. Tne tssue was incudaled wih
1sooroterencl in tne ansence 07 presence of eitner baclofen (T
nenner 0 wich haz any etiec! or CAMP accumuiation whenincusatec 1ri the absence of
the S-acrenergic recepio” agonist. (Acaoted from references 5 ang 17.)
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may be neganvelv coupled to the
enzvme®1C. It remains to be deter-
mined whether the inhibitory
action observed in membranes
and the augmenting response in
siices are mediated by the same
receptor and which, if either,
represents the normal physioiogi-
cal response. Inasmuch as the
train slice appears to more ciosejy
approximate tne in-vivo situation,
this report will concentrate on
findings obtained with this pre-
paration. ‘

Phospholipase A,

Studies with brain tissue have
reveaied that the augmenting re-
sponse to GAEAg and c-aaren-
ergic agents is observed with
virtually all substances known to
stimuiate receptors that are posi-
tively coupied tc adenviate cveiase,
Tnis indudes recepters for aceno-
sine, histamine, -adrenergic
agon_i.f,._‘ f?c..\ a2soactive intestinal
peptice™ ", :xpe.—l'ﬁents aimec at
Gefining the mechanism ¢y which
these agents augment cAMP accu-
muiation indicate that calcium ion
1srequired since the augmentanon
1s abol;shed in tne presence of
£GT4, a chelator of ¢this jon® 5
Among other pcoésidilties, thi
ciscovery suggests the invoive-
ment of caicium-cependen:t er-

zvmes in the augmening re-

S

sponse. Inasmuch as phospholipid
metabolism is regulated in part by
such enzvmes, and since studies
suggest that phospholipids and
their metabolites can infiuence
vclic nucieotide formation?®?, it is
conceivable that tne augmenting
effect of GABAjp and a-adrenergic
agonists may be associated witl
phospholipid tumover®,

Studies nave been undertaken to
determine whether phospholipase
As (PLA,), a caicium-actvated
enzyme that catalvses the rejease
of arachidonic acid from mem-
brane phospholipids, contibutes
to the cAMP-augmenting re-
sponse. Indeed, mepacrine, a non-
seiective inhibitor PLA., has
been founc torecuce the augment-
ing response to a-acrenergic and
G:\utxg ago'\'s s at concentrations
tnat fail to influence directiv
receptor-stimuiated cAMDP accu-
muladon®. Mecreover, chronic aé-
ministration of coricesterone, a
ncrmone that stumaulates the pro-
duction of an encogenous in-
nibitor of PLA,, diminishes the
augmenting response*. These
cGata support the noton that
phospno.:,“_ metabolisy, in pas-
tcular that associated with PLA:,
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Phospholipase C
Anotner enzvme  assoniatel
with  phosenoamid metal e

t

and transmitler TeceDiers s p o -
phoiipase C (TLCi* N (ertain
neurotransmitters stimuiate
enzvme, which In turm cata.vsecs
the conversion of phospnatcvi-
inositol 4,5-bisphosphate to 1no-
sitol triphosphate (II'3) and diacvi-
glvcerol (DG). As with the cvciic
nucieotide svstem, the receptor-
mediated stimulation of PLC s
probably associated with a guan-
ine nucleotide binding protein’®
Once formed, IP2 and DG serve as
second messengers, with the for-
mer liberating intracellular stores
of calcium ion and the latter
stimulating the calcium-activated,
phospholipid-dependent enzvme,
protein kinase C (Ref. 14). Like the
cAMP-dependent protein kinase,
protein kir.ase C modifies cellular
activity by ca:alvsing the phos-
phorviation of various substrates.

It is conceivabie that phospha-
tidviinositol (PI) tumover and
adenviate cvciase activation are
interreiated. One way to acdress
this issue is to examine the
influence of protein kinase C on
cAMP formation. This has been
accomplished by studving the
effect of phorbol esters on the
cAMP generating svstem® 7%
Tumor-promoting phorool esters
mimick DG and thereby stimulate
protem kinase C (Ref. 20) Thus, by
exposing tissue slices to phorbol
esters it is possible to assess
whether activation of protein kin-
ase C can modify the functioning
of the receptor-coupled adenyiate
cvciase system. Such experiments
nave revealed that pHoraol esters,
like a-acdrenergic and GABAg
agonists, have no effect on cAMP
formaton themselves, but aug-
ment the cAMDP response that

ccurs cumng exposure to agents
that stimuiate receptors that are
positivelv coupied to adenyiate
cvciese (Fig. 1) Such findings
suggest that activation of protein
kinase C, perhaps ’r'ougn stmu-
;etion of DL, mav piav a role
Si2hing the augmenting re-
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ergic agonists. This conclusion is
supported by the finding that a-
adrenergic agonists both stimulate
Pl tumover and augment i-adren-
ergic receptor-mediated ¢AMP ac-
cumulation in rat pinealocytes and
guinea-pig brain tissue'’?1 2,
However, such a relationship is
less obvious in rat brain slices
where a.-adrenergic receptors ap-
pear to participate in the cAMP
augmenting response, whereas a-
adrenergic receptors are primarily
responsible for stimulating PI
turnover'. In addition, although
GABAp agonists are capable of
augmenting ¢cAMP accumulation
in rat brain slices, they apparently
have no effect on Pl turnover'®,
Such data make it appear that Pl
turmover is not an obligatory
step with regard to regulating
neurotransmitter receptor-medi-
ated cAMP accumulation in rat
brain®®.

Possiblerelationship between
phospholipase Arand protein
kinaseC ‘

The findings described above
suggest that the augmentation
of cAMP production can occur
through more than one mechan-
ism, one of which is associated
with PLA, and the other with PLC. -
On the other hand, some recent
discoveries indicate a way in
which PLA. may be linked to
protein kinase C without reguir-
ing the actdvation of PLC. Thus it
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has been reported that a variety of
unsaturated fatty acids, including
arachidonate, are capable of dir-
ectly stimulating protein hinase C
(Refs. 23, 24). If such an action
occurs in vivo, then stimulation of
PLA,, and the consequent liber-
ation of arachidonic acid, could
result in the activation of protein
kinase C which, in tum, may
mediate the cAMDP augmenting
phenomenon (Fig. 2). Accordingly,
in this mode! the common de-
nominator of the cAMP augment-
ing response is protein kinase C,
with its activation resulting from
either stimulation of PLC and the
generation of DG and IP3; or
stimulation of PLA.and the release
of arachidonic acid (Fig. 2).
There are several wavs in which
protein kinase C could regulate
the neurotransmitter receptor-
stimulated accumulation of cAMP.
Two of these relate to effects on G
protein (Fig. 2). Activation of
protein kinase C could lead to the
phosphorviation of G, increasing
its activity or facilitating its inter-
action with the catalytic unit of
adenvlate cvclase. Altermatively,
protein kinase C might catalyse the
phosphorvlation of G;, diminish-
ing its capacity to inhibit adenyi-
ate cvciase, thereby increasing the
responsiveness of the cvclase sys-
tem when it is activated through
G,. This latter hvpothesis is sup-
ported by the finding that protein
kinase C phosphorylates the a-
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Fig. 2. A mogel gescrising tne possidie interaction between phosonolipic metabolism end
ine CAMP generating svstem n tne bran. GABA, v-amnodutynic acic; NE,
noreoineonnne: Aeh. acervicnohne: PLA,. pnosphoiinase A,: PLC, pnosonoiisese C: G,
anZ G,. the stimuiatory anc inmditory guanine nuciedhioe DINgING Sroteins. resoectively;
C. tne caia:vuc unii ¢ acenyiate cyciase: CO, eveiooxvoenase: LO, ivoxvaenase; PIP,,
onosonaucyinosito! ¢.5-o:son0sonate; 1Py, inositol tronssonale; DG. diacveiveero!;
ATP. asenosine 5°-tnonosonate: cAMP, acenosine 8':5 -monoonosonaie: P, phosonate
transter caia:vsel oy proten kinase C; =, acivation.
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subunit of G, in platelet mem-
branes®®, and by the finding that a
41 kDa protein, which mav repre-
sent a-G,. is phosphorviated fol-
lowing exposure of rat brain
cerebral cortical membranes to
purified C kinase!”. Whatever the
end result, the data indicate that
activation of protein kinase C,
through stimulation of Pl turnover
or an increase in the availabilitv of
arachidonic acid, may be the
critical step that subserves the a-
adrenergic and GABAg receptor
regulation of cAMP responses in
brain.

Biologicalsignificance

Much of the data to support the
present hvpothesis has, by neces-
sity, been obtained from indirect
experiments. However, it is not-
able that similar conclusions have
been reached using different ap-
proaches. For example, although
mepacrine is known to be a
nonselective inhibitor of PLA,, the
results with this agent, taken
together with those from the EGTA
and glucocorticoid studies, pro-
vide strong support for an involve-
ment of PLA; in the a-adrenergic
and GABAjg receptor-mediated
augmentation phenomenon. From
a phyvsiological and pharmaco-
logical standpoint, these findings
may be of significance in explain-
ing why neurotransmitter receptor
sensitivity remains stabie under
normal conditions. That is, the a-
adrenergic and GABAg augment-
ing action could aliow for a greater
biochemical response to be
achieved with 2 smalier guantity of
neurotransmitter (¥ig. 1). Since the
rate and extent of desensitization
is thought to be a function of
receptor occupancy, enhancement
of the response bevond the level of
the recognition site might serve as
a means for preventing receptor
desensitization. Inasmuch as the
pharmacological manipulation of
this augmenting effect could lead
to subdtle alterations in neuro-
transmitter receptor function,
these findings have important
implications with respect to the
treatment of a variety of psvchi-
atric and neurological ilinesses.
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Airway neuropeptldes and

asthma

Peter J. Barnes

Manv neuropeptides have recently been identified in airwavs and have potent
effects on aimvay caitbre and secretions, raising the possibility that they may be
involved in airway diseases such as astnma. Vasoactive intestinal peptide and

pepride Ristidine methionine are pofenf

bronchodilators and may be

neuroransmitiers 0f nor-cdrenergic inhivitory nerves in airwaus. In asthma, if
these pertides are troken down more rapidly by enzymes from inflammatory
celis, the effect might comtribute to exaggerated bromchial responsivensss.
Sersorv neu'epev'ia'e such as substance P, neurokinin A and caicitonin gene-

reicted peptide mght consribute to the pathologu of

asthma if released from

stmuiated unmuyeiingted nerve endings by an axon reﬂe:. Some of the recent

studies on airway neuroyer

tides are reviewed here by Peter BEames with

particuiar emphasis on how neuropeptides might be impiicated in asthma,

A large number of neuropeptides
have been found in the gut, where
they may have imporiant roles in
regulation of motiliny and secre-
non. Because airwavs are derived
embrvologically from foregut it is
no! surprising to find these same
neuropeotides in tne respiratory
tract’. While the precise physie-
logical role of neuropertides in
airwavs remains uncertain, the
potent eifects of these peptides on
various aspects of airway function
suggest that theyv mayv pe invoived
in controlling airway tone and
secretions. 1t is possible tna:
defective function of peptidergic
nerves might be invoived 1n
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airway disease, and particularly
asthma.

Asthma, which is characterized
by bronchial hyperrespensive-
ness, or excessive ‘twitchiness’ of
the airwavs, was atrributed to
abnormal nervous mechanism
until the middie of the presernt
centurv, when 1mmunoxog 1cal and
mecdiator theones of p .'noz:enﬂsxc
ga.ne: faveour. The recen: demo
stration of an extensive network of
pctent neurdopertides in the air-
wavs nas revived interest in
pessibie neural adnormaiities in
asthma. Recent! experimental and
ciinical studies suggest that bron-
chsall m':\erre<;\o.'*.sweness mav be
expiained DV an nfemmateny
response N the aimwav wal
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mechanisms may, in tumn, contri-
bute to theinflammatory response.

Non-adrenergicnon-cholinergic
(NANC)nerves

Neural control of airwavs is
more complex than previously
recognised”. In addition to classi-
cal cholinergic and adrenergic
pathways, neural mechanisms
which are neither adrenergic nor
cholinergic have been described,
as in the gut. Originally it was
thought that purines such as
adenosine or ATP might be neuro-
transmitters of NANC nerves in
airwavs, but there is little evidence
to support this idea and it now
seems more likelv that, as in the
gastrointes:inal tract, neuropep-
tides may be involved. bBoth
excitatory and inhibitory NANC
mechanisms have been described
in airwavs, but the phvsiological
significance of these pathways will
remain uncertain until specific
blockers become available’. In
human airwavs, NANC inhibitory
nerves provide the only inhibitory
nervous pathway, since direct
acrenergic innervation of airway
smootn muscie is lacking.

Vasoactiveintestinal peptide
(VIP)

VP, a2 I8 amino acid peptice
onginally discovered as a vase-
active subsiance in lung extracts,
porentiy reiaxes airway smooth
mussie m virvets VP has bheen
iocai:zed to nemves in human and
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PRODUCT REVIEW

Receptor modulation in brain slices

R

E.W. Karbon and SJ. Enna

Brain tissye preparations provide a

window on the regulation of neuroreceptor function that cell-free

preparations cannot offer. The view reveals complex neuromodulator interactions.

ManNY neurotransmitters influence neuro-
nal function by directly affecting either of
WO important signal transduction
mechanisms. Of these mechanisms, the
most well-characierized, is the receptor-
coupled adenylate cyclase system'. Stimu-
lation of the cvclase enzyme enhances the
conversion of adenosine triphosphate
(ATP) 10 cyclic adenosine monophos-
phate (cAMP)_ while inhibition decreases
¢AMP production. The cyclic nucleotide
then acts as a “second messenger” by stim-
ulating a protein kinase that phosphory-
lates selected proteins.

The other important receptor-coupled
effector system is phosphatidylinositol
turnover. In response 1o receptor activa-
tion, phospholipase C degrades phospha-
uidyhinositol 4_5-bisphosphate. a phospho-
ipid, 10 dual second messengers. One
messenger. inositol triphospbate, liber-
ates caicium ions from internal stores; the
other. diacvigivcerol, stimulates protein
kinase C that. like the cAMP-dependent
enzvme, phosphorylates multiple protein
substrates. SR

The ability of neurotransmitters to in-
fluence these processes has routinely been
exarmuned n brain slices, imtact tissue prep-
arations that closely approximate in vivo
conuitions. These slices are maintained in
an aerated. physiological buffer and are
pre-labelied with a substrate precursor
such as 'H-ademne, which is converted to
‘H-ATP. o1 H-inositol, which is incorpo-
rated into phospholipid pools. Enzvme
acuvity 1In response to receptor activation
can then be assessed by measunng the
levels of radiolabelled product that have
accumulated’.

Mixed reception
Given the imponance of identifving the
events which follow receptor acuvation,
the brain shice preparation is a valuable
tool. Recent studies have shown that,
although the direct stimulation of second
messenger formation by neurotransmit-
ters 1s often suffiaent to account for the
biochemucal effects they provoke, many
neurotransmitter receptors are also sub-
yect to the regulatory influences of com-
pounds acting at distinct receptor sites.
Such compounds are calied “neuromodu-
lators™ since they indirectly modify the
pochemical response resulting from acti-
vatuon of another receptor.

For exampic. brain shees exposed to
noradrenaline. which stimulates both a-
and B-adrenergic receptors, show a grea-

greater accumulation of cvclic AMP than
those treated with 1soprenaline. a selec-
tive P-adrenergic agomst™ (Table 1).
These results suggest that a-adrenergic
receptors, like the B-adrenergic compo-
nents, may be directly coupled to adeny-
late cyclase. But a-agomsts such as 6-
fluoronoradrenaline (6-FNA) do not of
themselves stimulate cAMP accumulation
(Table 1).

Table 1 Neuromoduiator effects on cAMP accumutation

cAMP sccumuiation
(% conversion)
Basal Isoprenal
No addition 0.06 0.38
6FNA (10uM) 0.7 0.77
Baclofen (50 uM) 0.11 114
PDBu (10 uM) 0.06 1.20
Noradrenalme (100 uM) 0.80 —_—

The influence ~f vanous agents on cAMP accumu-
lation in rat brain cerebral cortical slices. Results are
expressed as per cent conversion, which represents the
percentage of total tritium present as *H-cyclic AMP.
6-FNA, 6B drenali baciofen, p-p-chioro-
phenyl y-aminobutyric acid: PDBu, phorbol 12, 13-
dibutyrate. (Adapted from refs 3,7.9.)

When, however, rat brain slices are ex-
posed to both 6-FNA and isoprenaline,
the cAMP response equals that obtained

when noradrenaline alone is used. These
findings can be taken as evidence that a-

adrenergic receptors are indirectly cou-
pied to the adenylate cyclase system and
that noradrenaline, through interaction
with these sites, can function as a neuro-
modulator.

Similar results have recently emerged
from studies using the agonist B-p-
chloropheny! y-aminobutync acid (bac-
lofen). Baclofen specifically recognizes a
y-aminobutvric acid (GABA) receptor
subtype which 1s referred to as the
GABA, site’. Like 6-FNA, baclofen aug-
ments cAMP accumulauon markediy in
brain slices following exposure 10 a num-
ber of f-adrenergic receptor stimulants,
while being ineffective alone in this
regard (Table 1). The augmenting re-
sponse elicited by both GABA, and a-
adrenergic agonists is independent of
phosphodiesterase activity and totally de-
pendent upon the presence of extraceliu-
lar calclum, suggesting a common
mechanism of acuon®.

The ability to augment cvclic AMP for-
mation is not limited to endogenous subst-
ances. for it can be elicited by phorbol
esters, compounds that mimic the action
of diacvigivcerol and activate protein
kinase C'" (Table 1). This finding is intri-

guing in that it suggests that activation of
phospholipase C and the subsequent
generation of diacviglycerol may be the
mechanism responsible for the augmenta-
tion observed in response to GABA, and
a-adrenergic receptor activation. Such a
mechanism would point to a positive in-
teraction between two major signalling
pathways".

A cut above

Brain slice preparations have been invalu-
able in elucidating a role for a-adrenergic
and GABA, receptors, because the au-
gmentation phenomenon is not observed
in cell-free preparations. The reason for
this absence is not obvious, but may be
related to the fact that direct receptor-
mediated stimulation of adenylate cyclase
is also difficult to detect in membrane pre-
parations. Alternatively, a requirement
for some soluble factor may preclude the
detection of any augmentation in isolated
plasma membranes.

Since the augmentation response is a
functional measure of receptor activity,
this system can be used to screen for
potential a-adrenergic and GABA, re-
ceptor agonists and antagonists, which
cannot be identified with receptor binding

-analysis. Brain slice preparations can aiso

disclose the biochemical consequences of
agents like phorbol esters that act at intra-
cellular sites. And while the physiological
relevance of receptor-mediated cAMP au-
gmentation is still unknown, brain slice
studies have hinted that the pharmacoio-
gical manipulation of neuromoduiator re-
ceptors might hold considerable therapeu-
tic potential. O

William Karbon is at the Department of Phar-
macoiogy. Yale Universiry School of Medicine,
PO Box 3333, New Haven, Connecticut 06510,
USA. Salvatore Enna is research director at
Nova Pharmaceutical Corp. 5210 Eastern Ave-
nue, Balnmore, Marvland 21224, USA.
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An Examination of the Involvement of Phospholipases
A, and C in the a-Adrenergic and y-Aminobutyric Acid
Receptor Modulation of Cyclic AMP Accumulation in
Rat Brain Slices

R. S. Duman, E. W. Karbon. *C. Harrington, and S. J. Enna

Departments of Pharmacology, Neurobiology and Anatomy. and *Psychiatry, University of Texas Medical School,
Houston, Texas, U.S.A.

Abstract: Experiments were undertaken to define the
role of two calcium-associated enzyme systems in modu-
lating transmitter-stimulated production of cylic nucleo-
tides in rat brain. Cyclic AMP (cAMP) accumulation was
examined in cerebral cortical slices using a prelabeling
technique. The enhancement of isoproterenol-stimulated
¢AMP production by a-adrenergic and y-aminobutyric
acid-BR (GABAy) agonists was reduced by exposing the
tissue to EGTA, a chelator of divalent cations. or quina-
crine, a nonselective inhibitor of phospholipase A,. Like-
wise, chronic (2 weeks) administration of corticosterone
decreased the a-adrenergic and GABAjp receptor modu-
lation of second messenger production. Neither cycloox-
ygenase nor lipoxygenase inhibitors selectively in-
fluenced the facilitating response of a-adrenergic and
GABA, agonists. Other experiments revealed that al-
though norepinephrine and 6-fluoronorepinephrine stimu-
lated inositol phosphate (IP) production in cerebral cor-
tical slices with potencies equal to those displayed in the
cyclic nucieotide assay, selective o,-adrenergic agonists
were less efficacious on IP formation and were without

effect in the cAMP assay. Conversely. a seiective aj-ad-
renergic receptor agonist facilitated the cAMP response
to a B-adrenergic agonist without affecting IP formation.
The rank orders of potency of a series of a-adrenergic
antagonists suggest that IP accumulation is mediated
solely by a,-adrenergic receptors. whereas the augmen-
tation of cAMP accumulation is regulated by a mixed
population of a-adrenergic sites. The results suggest that
the a-adrenergic and GABAjy receptor-mediated en-
hancement of isoproterenol-stimulated cAMP formation
appears to be more closely associated with phospholipase
A, than phospholipase C and may be mediated by arachi-
donate or some other fatty acid. Key Words: Phospholi-
pase A,—Phospholipase C—Cyclic AMP accumulation
—a-Adrenergic receptor—y-Aminobutyric acid receptor
—Rat brain. Duman R. S. et al. An examination of the
involvement of phospholipases A, and C in the a-adren-
ergic and y-aminobutyric acid receptor modulation of cy-
clic AMP accumulation in rat brain slices. J. Neurochem.
47, 800-810 (1986).

One way in which brain neurotransmitters
modify neuronal activity is by stimulating the pro-
duction of cyclic AMP (cAMP), a second mes-
senger that regulates intracellular kinase activity
and protein phosphorylation (Bloom, 1975). How-
ever, not all brain receptors are capable of in-
fluencing cAMP production through a direct cou-
pling to adenylate cyclase. For example, activation
of a-adrenergic sites has no effect on cAMP forma-
tion but greatly enhances the response to stimu-

lating agents (Perkins and Moore, 1973; Daly et al.,
1980). This explains why the nonselective adreno-
ceptor agonist norepinephrine is a more efficacious
activator of cAMP formation than the selective B-
adrenergic agonist isoproterenol. Similarly, y-ami-
nobutyric acid (GABA) itself or GABAy receptor
agonists, such as baclofen. have little effect on
basal cAMP levels in brain tissue. Instead. they en-
hance second messenger accumulation in response
to a variety of agents, including isoproterenol.

Received November 12, 1985; revised March 3, 1986 ac-
cepted March 12, 1986.

Address correspondence and reprint requests to Dr. S. J.
Enna at NOVA Pharmaceutical Corporation. 5210 Eastern Av-
enue, Baltimore, MD 21224, U.S.A.
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Abbrevia{ion: used: ACTH. adrenocorticotropic hormone:
cAMP. cychc_AMP; DG. diacyiglycerol: GABA. y-aminobutync
acid; IP. inositol phosphate; PLA,, phospholipase A,.
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adenosine, and vasoactive intestinal peptide
(Karbon et al., 1984. Karbon and Enna, 1985).
These data suggest that norepinephrine and GABA,
acting through a-adrenergic and GABAj receptors.
respectively. serve a neuromodulatory as well as a
neurotransmitter role in CNS function.

The components of receptor systems directly
coupled to adenylate cyclase have been defined to
some extent (Gilman, 1984), but little is known
about the mechanisms whereby neuromodulators
regulate receptor responsiveness, although extra-
cellular calcium appears to be required for the aug-
menting activity (Schwabe and Daly, 1977; Karbon
and Enna, 1985). This suggests that the a-adren-
ergic and GABAergic enhancement of cAMP pro-
duction may be mediated through enzyme systems
associated with Ca**. such as phospholipase A,
(PLA,) and phospholipase C. The former is a likely
candidate because it has been suggested that pros-
taglandins participate in the a-adrenergic receptor-
mediated augmentation in cAMP production (Par-
tington et al.. 1980). As for phospholipase C. a-ad-
renergic agonists activate this enzyme in brain
tissue. catalvzing the degradation of polyphos-
phoinositides and the formation of inositol phos-
phates (IPs). which regulate the intracellular cal-
cium level. and diacylgivcerol (DG). which stimu-
lates C kinase. a calcium-activated enzyme
(Berridge and Irvine, 1984: Brown et al., 1984). Ev-
idence that this system may contribute to the a-ad-
renergic receptor-mediated augmentation of cAMP
production is provided by reports that phorbol
esters, substances known to stimulate C kinase di-
rectly. influence cAMP production in a manner sim-
ilar to the neuromodulators (Bell et al., 1985: Hol-
lingsworth et al., 1985: Karbon et al.. 1985 Sugden
et al.. 1985). Because both phorbol esters and a-ad-
renergic agonists stimulate C kinase, although by
different mechanisms, it is possible this enzyme
may be an important link with regard to the modu-
lation of cAMP production in brain.

The present study was undertaken to examine
these issues by exploring the relationships among
PLA,. IP formation. and the augmentation of trans-
mitter receptor-stimulated cAMP production in rat
brain cerebra) cortex. The results suggest that
PLA, may be an important component of the neur-
omodulatory response to a-adrenergic and GABAg
agonists, whereas a role for IP remains question-
able.

MATERIALS AND METHODS

Male Sprague-Dawley rats (body weight 125-150 g)
were used for all experiments. The animals were housed
under a {2-h light/dark cvcle with food and water ad li-
bitum. For some studies. Acthar gel (50 IU/kg s.c.) or
corticosterone (15 mg'kg s.c.) suspended in corn oil was
administered once a day for 14 consecutive davs. The
rats were killed by decapitation 18 h after the last injec-
tion.

The accumulation of CAMP was meusured in bruin
slices using the prelabeling techmque of Shimizu et al.
(1969). In brief. the cerebral cortex was removed and
minced 1nto shices 350 um thick using a Mcliwain tissue
chopper. The slices were suspended in an oxygenated
(95% 0,/5% CO,) Krebs-Ringer-bicarbonate butfer con-
taining 120 mAM NaCl, S mM KCl. 1.3 mAf CaCl,. 1.2 mAM
MgCl;, 1.0 mM KH,PO,, 20 mAM NaHCO,. and 11.1 mAf
glucose. After decantation, fresh buffer was added. and
the slices were incubated for 15 min at 37°C. The shces
were then placed into buffer containing [*HJadenine (29
Cirmmol, 4.0 uCi/ml) and incubated for 60 min at 37°C.
The medium was decanted. the slices were washed twice
with buffer, and portions (~25 mg wet weight) were incu-
bated in a 500-ul volume for S min at 37°C. For some
experiments. the slices were subsequently exposed to
various drugs for up to 30 min before addition of norepi-
nephrine, isoproterenol. 6-fluoronorepinephrine. or bac-
lofen. Incubation was continued for another 1S min be-
fore the reaction was terminated by addition of 10 tri-
chloroacetic acid (550 ul). The samples were then
homogenized and centrifuged at 10.000 ¢ for 10 min. Total
radioactivity was monitored in a 50-pl portion of the acid
supernatant, and the cAMP content was anaiyzed by the
double column method of Salomon et al. (1974) using
{“C]cAMP to measure recovery. The results are ex-
pressed as the percentage of total tritium present as
[*H]cAMP (percentage conversioni.

The method of Brown et al. (1984) was used to analyze
IP accumulation in brain tissue. Cerebral cortical shces
were prepared as above and incubated for 45 min at 37°C
with a change of buffer every |5 min. The slices were
incubated an additional 15 min at 37°C in the presence of
S mM LiCl, after which [*H]inositol (40 Cisrmmol. 1.0
nCrml) was added and the samples were incubated for
another 30 min. Foliowing this incubation. the tissue was
exposed to the receptor agonists for 45 min. In some ex-
periments. receptor antagonists were added S-10 min
before the receptor agonists. The reaction was termi-
nated by addition of 940 u! of a chloroform  methanol ¢1:2
vol/vol) mixture. and after addition of 320 ul of chloro-
form and 320 ul of water. the samples were centrnifuged at
1.000 g. [*H]IP was extracted from a 750-ul portion of the
aqueous phase by ion exchange chromatography (Dowex
200-400 mesh, chloride form). The resin was washed
four times with 3.0 ml of water. and [*H]IP was removed
with 1.0 M ammonium formate and quantified by liquid
scintillation spectrometry. [*H]IP accumulation is ex-
pressed as a percentage over the basal rate.

( = )-Isoproterenol HCL, ( — )-norepinephrine bitartrate.
(h-phenvlephrine HC!. quinacrine HC!. EGTA. indo-
methacin. acetylsalicvlic acid. acetaminophen. flufen-
amic acid. ibuprofen. nordihvdroguaiaretic acid. cortico-
sterone. vohimbine. and cAMP were purchased from
Sigma Chemical Co. (St. Louis. MO. U.S.A ).
[*H)Adenine was purchased from ICN (Irvine. CA,
U.S.A.). [PHlinositol from New England Nuclear
(Boston, MA. U.S.A). Acthar Gel from Armour Phar-
maceuticals (Phoenix. AZ, U.S.A.). and WB 4101 [2".6"-
dimethoxy(phenoxyjiethvlaminomethvibenzo-1.4-doxan]
from Amersham Corp. (Chicago. IL. U.S.A.). 6-Fluor-
onorepinephrine was Kindly donuted by Dr. K. L. Kirk of
the National Institutes of Health (Bethesda. MD.
U.S.A.L cirazoline by Dr. S, Langer of L.E.R.S.-Syn-
thelabo (Paris, Francel. bacloten by Ciba Gergy tBasel.
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Switzerland). S.%8.11.13-eicosatetravnoic acid by Hoft-
mann-LaRoche (Nutley. NJ. U.S . A)), UK-14.304 |5-
bromo-6-(2-imidazolin-2-viaminoh-quinoxaline] and pra-
zosin by Pfizer (Sundwich. England). idazoxan by Dr.
D. B. Bylund of the University of Missouri (Columbia,
MO. U.S. A WY 26392 {N-[(2B.11ha)-1.3.4.6.7 | 1h-
hexahvdro-2H-benzo-tu)-quinolizin-2-vi}-N-methyvimeth-
anesulfonamide HCL} by Wyveth Laboratories (Philadel-
phia. PA, U.S.A.}), and YM-12617 {5-[2-[[2-(2-ethoxy-
phenoxyethyljamino)propylj-2-methoxybenzenesulfon-
amide HCl} by Yamaguchi (Japan).

RESULTS

Norepinephrine-stimulated ¢cAMP accumulation
was some two to three times greater than that found
with the B-adrenergic agonist isoproterenol (Fig. 1)
Likewise. the cAMP response to the isoproterenol/
baclofen combination was much greater (fourfold)
than to isoproterenol alone (Fig. 1). Neither bac-
lofen alone nor a-adrenergic agonists have any sig-
nificant effect on cAMP accumulation under these
conditions (Daly et al, 1980: Karbon et al., 1984).
The cAMP accumulation in the presence of GABA
or a-adrenergic agonists exceeding that observed
with isoproterenol alone is defined as the aug-
menting or facilitating response.

Exposure to EGTA completely eliminated the
augmenting response but had no effect on the pB-ad-
renergic agonist alone (Fig. 1). The concentration
of EGTA causing half-maximal inhibition (1Cs,) was
~1.0 mM for both norepinephrine and the isopro-
terenol/baclofen combination.

Like EGTA. quinacrine inhibited the norepineph-
rine and isoprotercnol-baclofen response 1in a con-
centration-dependent manner without affecting the
response 1o isoprotercnol alone (Fig. 23, The 1C,,
for quinacrine was ~ 110 pAM in both cases. Al-
though quinacrine completely eliminated the aug-
menting response to norepinephrine. 20%¢ of the
baclofen-induced augmentation was unaffected by
quinacrine (Fig. 2). With regard to IP formation. 1t
was impossible to determine whether quinacrine af-
fected norepinephrine-stimulated production of IP.
because 1t increased the basal levels of IP (data not
shown).

Chronic (2 weeks) administration of corticoste-
rone or adrenocorticotropic hormone (ACTH) sig-
nificantly reduced norepinephrine-stimulated
cAMP accumulation in rat brain cerebral cortical
slices without affecting the response to isoproter-
enol (Table ). Furthermore, both treatments re-
duced the augmentation observed with the GABA,
agonist baciofen or the a-adrenergic agonist 6-
fluoronorepinephrine. For norepinephrine and the
isoproterenol/6-fluoronorepinephrine combination.
the corticosterone and ACTH treatments decreased
the augmenting response by almost 50%. The facili-
tating response observed in the presence of isopro-
terenol/baclofen was decreased ~30% by these
treatments (Table 1).

The influence of chronic (16 davs) administration
of ACTH on IP accumulation was also examined.
ACTH treatment did not alter the amount of nor-

2.00
4
1.50 7
FIG. 1. EGTA inhibition of norepineph- BACLOFEN «ISOPROTERENOL
rine-stimulated and bacioten-induced en- é ¢
hancement of 1soproterenol-stimuiated %3 > \
CAMP accumulation in rat brain cerebral §Q NOREPINEPHRINE N\
cortical slices. The slices were prelabeled £ &2 ‘ \
with [3M]adenine. incubated for 10 min 82 100+ o\
with one of various concentrations of <& \\ v
EGTA. and then exposed to norepineph-  §© N :
rine {100 uM) or 1soproterenol (10 uM) <2 O
plus baciofen (50 uM). The response toa 3 N
saturating concentration (20 uM) of iso- : \
proterenol alone was 0.51 = 0.04 (stip- ~N
pled line). The ICy, for EGTA was ~1.0 0.50 e —__ rISOPROTERENOL ____;}\\:_\_‘,
mM in both conditions. Data are mean = T
SEM (bars) values from three to five sepa- i
rate experiments, each of which was per-
tormed in dupircate.
N erre—
0.50 1.0 28
[EGTA].mM
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FIG. 2. Quinacrine inhibition of norepineph-
rine-stimulated and baclofen-induced en-
hancement of 1soproterenol-stimulated cAMP
accumulation. Stices of rat brain cerebral
cortex were pretabeled with [3H]adenine and
then incubated with various concentrations of
qutnacrine for 15 min. Following this. they
were exposed to either norepinephnne (100
wM) or 1soproterenol (10 uM) plus bacloten
(S0 uM) tor 10 muin. in both cases. the IC; for
quinacrine was ~110 uM_ The response to a
saturating concentration (20 uM) of 1soproter-
enol alone was 049 = 002 (stippled line)
Data are mean = SEM (bars) values trom
three to five separate experiments. each of

_____ which was analyzed in duplicate.

TABLE 1. Effect of chronically administered ACTH or
corticosterone on receptor-stimulated cAMP and IP
accumulation in rat brain cerebral cortical slices

Accumulation, Treatment
receptor
agonsst Vehicle ACTH Corucosterone

['‘HicAMP (% conversion)

Basal 0.9 =001 009 =002 009 =001
1SO 036 = 0.04 033 = 0.03 0.2 = 0.03
NE 097 = 006 062 = 0.067 0.66 = 0.06°
1SO.6-FNE 091 = 0.08 0.54 = 0.05 0.66 = 0.05
1SO-baclofen 1.06 = 0.09 0.8 = 0.04° 0Kl = 0.08°
{*HNP «cpmy
Basal Rbh = KS 1386 = 113 —
NE 2K62 = X4 2,679 = 2] —_
Carvachol 6.033 = 307 6541 = 32| —

Rats were given ACTH (Acthar gel. S0 {L kg s.¢.) or corticosterone (18
mg kg s.c.)once a dav for 14 (cAMPy or 17 (IP) consecutive days and then
kitled 1% h after the last injection hoproterenal (1SO: 10 uAf)- and nor-
epinephnine (NE. 100 uM)i-sumulated cAMP accumulation were mea-
sured 0 cerebral corticai shices using a prelabeling techmique. in some
vases. the CAMP response was measured in the presence of 6-fluaronor-
epinephnne (A-FNE. 10 uM) or baclolen 150 wM) in combination with
ISO (10 uM) NE (300 uMi- and carbachol 11 mMi-simulated 1P forma-
tons were analvzed in cerebral vortical shees prefabeied wath ['*Hjmo-
sitot Data are mean = SEM values from four 10 12 separate experiments.
cach of which was analy zed in duphicate

p < 005 compared with the corresponding control (One-wat analysis
of vanance and Newman-Keuls multipie range tests

TABLE 2. Effect of cxclooxveenase and lipoxveenase
inhibitors on receptor-stimulated ¢cAMP accumulation in
rar brain slices

['HIcAMP sccumulation
(77 conversion

Enzyme
inhibitor 1SO NE 1ISO - bacloten
Vehicle 0.32 = o0 LIk = 010 126 = 0N
Indomethacin 0.30 = 0.02 LoD = 012 110 = 0 1¢
Acetylsalicvlic
acid 0.33 = 0.02 e = o P22 =003
Acetaminophin 0.3% = 0.3 106 = 00K 120 = (K
Ibuprofen 0.30 = 0.4 1.00 = 0tH 10" = 010
Flufenamic acid 016 = 0,022 014 = 002 014 = pode
Nordihydroguaiaretic
acid 021 = 003 D6 = 0 BRY = e
Eicosatetraynoic
acid 012 =002 043 = oo 02 - M-

Shces of rat briun cerebral cortex were preparcd and prelaheicd with
[*HJadenine as described in Matenials and Methods The shices were incu
bated for 30 min with one of varnious cvdioovgenase and ipogenase
inhibtors (100 wM). alter which they were ncubaied tor 15 mun waith 2o
wM woproterenol (1ISOL. 100 u A norepinephnine iINE or The comPima
tion of 1SO and baclolen 50 AN Data are mean = SEM vaboes trom
three to {ive separate expernmmuenis. cach ot which was pertormed in daplh.
cate

“p - 005 compi red with the corresponding controb INtadent « 1 test
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300

200

FIG. 3. Adrenergic agonist simulation of
IP and cAMP accumuiation in rat brain
siices. Slices of cerebral cortex were pre-
labeied with [*H]inositol (upper panel) or
[*H]acenine (lower panel) tor determina-
tion of IP or cAMP tormation. respec-
tively. The shices were exposed to one of
various concentrations of the agonists, H
and the half-maximal ettective concen-
tration (ECy) for each agent was ceter-
mined by log-probit analysis Norepi-

- ACCUMULATION

(% STIMULATION OVER BASAL)

;
7\ 6-FLUORONOREPINEPHRAINE

K4

CRAZOUME

P Al S

nepnrine-, b-tluoronorepinephrine-, and
cirazohine-stimuiated P proguction
yreided EC,, values of 68 = 1,93 = 1,
and 0.18 = 0.1 uM, respectively. The ECyy
values for norepinephrine and 6-tluoro- 080
norepinephrnne to enhance 1soproterenol-
stimulated cAMP production were 7.5 =
08 and 6.1 = 0.4 uM, respectively. The
CAMP assay was conducted in the pres-
ence of a saturating concentration (20
wM) of isoproterenol 1o reveal the a-ad-
renergic component of norepinephnne.
The response to a saturating concentra-
tion of 1soproterenol alone was 0.24 =
0.03 (stippled line). Data are mean =
SEM (bars) vaiues from three to five sepa-
rate experiments. ea:h of which was per-

:

(% CONVERSION)
=]
»
¢

B cAMP ACCUMULATION

formed inguphicate. e --=--

0 20+

1077 107 1073 107

epinephrine- or carbachol-stimulated IP accumula-
tion. although it increased basal [P levels (Tabie 1).

Neither cyclooxygenase nor lipoxygenase inhib-
itors selectively reduced the augmenting response
(Table 2). Exposure to a high concentration (100
wM) of indomethacin. acetvlsalicvlic acid. acet-
aminophen. or ibuprofen had no significant effect
under any of the conditions studied. Although flu-
fenamic. nordihvdroguaiaretic. and eicosatet-
ravnoic acids did reduce ¢cAMP accumulation,
they inhibited the response to isoproterenol alone,
suggesting that they do not selectively modify the
augmentation.

Norepinephrine stimulates [P and cAMP accu-
mulation in rat brain slices in a concentration-de-
pendent manner (Fig. 3). The a-adrenergic compo-
nent of the norepinephrine-stimulated cAMP re-
sponse was analyvzed by conducting these
experiments in the presence of a saturating concen-
tration of 1soproterenol (20 wM). The concentration

J Newrornem Vo 47 NG 1 JuNs

10’ 107¢ 10 107

[AGOMST|.M

of norepinephrine necessary to elicit a half-maximal
response (EC¢) was ~7 pwA in both systems. Like-
wise, 6-fluoronorepinephrine augmented cAMP
production and stimulated 1P formation with equal
potency (ECq ~10 wM). However. although the
maximal responses to norepinephrine and 6-fluo-
ronorepinephrine are the same in the cAMP assay.
the fluoninated analog was slightly less efficacious
with respect to IP formation (Fig. 3). Ciruzohne. a
selective a;-adrenergic receptor agonist tvan Meel
et al., 1981; Cavero et al., 1982), was less effica-
cious than norepinephrine and 6-fluoronorepi-
nephrine as an activator of 1P formation but more
potent than either of these agents (Fig. 3. In con-
trast, cirazoline was inactive as a stimulator or en-
hancer of cAMP production at concentrations up to
100 uM (Table 3). Like cirazoline. the selective a;-
adrenergic receptor agonist phenviephrine (Wik-
beiy. 1977: Ruffolo. 1984) stimulated IP accumula-
tion and was less efficacious than norepinephnine in
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TABLE 3. Comparison of a-adreneryic receptor
agonists as stimulators of 1P and cAMP accumulation in
rat brain cerebral cortical slices

Muximum response

I*HIIP PHicAMP accumulation
. accumulation (7 conversion
a-Adrenergic (T¢ over
agonist basal) Basal - 180
Vehicle — 0058 = 001 0.30 = 0.02
NE (100 wif} 250 = 16 090 = .06 094 = V.7
Phenyvlephnne
1300 wM) 120 = 10 0.09 = 0.02 .32 = 0.03
Cirazoline
(100 p M) 5 =3 0.07 = 0.01 0.33 = 0.02
UK-14.304 (100 p AN s =1 .06 = 0.01 0.45 = 0.03
UK-14.304 ~
phenviephnne 7 =2 0.09 = 0.02 048 = 0.04

Rat brain cerebral cortical siices were prepared and prelabeled
with [?Hlinositol or [*Hjadenine as described in Matenals and
Methods. To study IP accumulation. the slices were incubated
with norepinephnne (N E) or one of the other adrenergic agonists
at the concentrations indicated. The data for [P accumulation
are expressed as percentage sumulation over basal activity. For
cAMP analysis. the slices were exposed 1o the adrenergic ago-
nists in the absence (basal) or presence of isoproterenoi (1SO: 20
wM). Data ar- mean = SEM values frédm three to five separate
expenments. each of which was performed in triplicate.

this regard (Table 3). Furthermore, phenylephrine
had no effect on cAMP accumulation alone or in
combination with isoproterenol.

Unlike the a,-adrenergic agonists, the selective
ay-adrenergic receptor stimulant UK-14,304 (Cam-
bridge. 1981 van Meel et al., 1981: Ruffolo. 1984)
had no effect on IP production but did augment iso-
proterenol-stimulated ¢cAMP accumulation (Table
3). Simultaneous exposure to UK-14,304 and phen-
vlephrine had no effect on cAMP production in the
absence of isoproterenol but did facilitate the B-ad-
renergic receptor response to the same extent as
that observed with UK-14.304 alone (Table 3).

Both cirazoline and phenylephrine caused a con-
centration-dependent inhibition of norepinephrine-
stimulated [P production, with the former inhibiting
$2% and the latter 24% at maximally effective con-
centrations (Fig. 4). Moreover, both agents com-
pietely eliminated the a-adrenergic component of
the cAMP response to norepinephrine, with cirazo-
line being more potent than phenvlephrine in this
regard (Fig. 4).

The selective a,-adrenergic receptor antagonists
prazosin, YM-12617, and WB 4101 (Cambnidge et

. al.. 1977, Bvlund and U Prichard. 1983: Honda et
. al.. 1985) completely inhibited norepinephrine-
stimulated [P formation in the low nanomolar
range. whereas the selective a,-adrenergic receptor
antagonists WY 26392, vohimbine. and idazoxan
(Chapelo et al.. 1981 Paciorek and Shepperson,
1985) were much weaker, having 1C,, values in the
low micromolar range (Table 4 and Fig. 51 The
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rank order of potencies for inhibition of IP forma-
tion was YM-12617 > prazosin .- WB 4101 > WY
26392 > dazoxan. With respect 10 ¢cAMP produc-
tion. pruzosin and YM-12617 blocked the aug-
menting response with [Cq, values in the nunomolar
range, whereas WB 3101 was much weaker (Tuble
4). In addition, the inhibition curves tor YM-12617
and WB 4101 were not monophasic, and prazosin
blocked only 50% of the augmenting response (Fig.
5). The a,-adrenergic antagonists were weaker than
YM-12617 and prazosin as inhibitors of cAMP aug-
mentation. although the rank order of potencies
differed for the group as compared with IP forma-
tion: YM-12617 > prazosin > idazoxan > WY
26392 > yohimbine > WB 4101 (Table 4 and Fig. 5).

DISCUSSION

Previous reports have suggested that a-adren-
ergic and GABAergic augmentation of brain cAMP
production is a calcium-dependent process
(Schwabe and Daly, 1977; Karbon and Enna. 1985)
and that the a-adrenergic enhancement may be re-
lated to the production of prostagiandins (Part-
ington et al., 1980). These findings suggest that the
a-adrenergic and GABAergic augmentation of
cAMP production may be through activation of
PLA,. a calcium-dependent enzyme that liberates
the prostaglandin precursor arachidonic acid. Al-
ternatively, the augmenting response to a-adren-
ergic, but not GABAy. agonists may involve an-
other calcium-activated enzyme. protein Kinase C,
Thus. unlike GABAg agonists (Brown et al.. 1984),
a-adrenergic agonists are known to stimulate phos-
pholipase C. catalyzing the breakdown of poly-
phosphoinositides with the subsequent formation of
IPs and DG (Berridge and Irvine, 1984). IP. in turn.
liberates intracellular stores of bound calcium. and
DG stimulates C kinase. Although the intracellular
concentration of calcium is normally sufficient for
activating C kinase in the presence of DG. it is con-
ceivable that an influx of extracellular calcium
could influence enzyme activity as well. Moreover.
it has recently been reported that phorbol esters,
which directly stimulate C kinase. facilitate the
cAMP response in brain tissue in a manner similar
tc that found for a-adrenergic and GABAg agonists
(Hollingsworth et al.. 1985 Karbon et al.. 1983). In
addition, agents that stimulate phospholipid turn-
over have been shown to enhunce receptor-me-
diated cAMP accumulation in guinea pig brain
{Hollingsworth and Daly. 1985). The results of the
present study confirm the importance of Ca=* in
the augmenting response and provide new data in-
dicating that phospholipid metabolism muay play a
crucial role in modulating neurotransmit-er re-
ceptor responses in brain.

As reported previously (Schwabe und Dalv, 1977:
Karbon und Enna. 1985). the present results indi-
cate that exposure of rat brain shees to EGTA com-
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FIG. 4. Inhibition of norepinephrine-stimulated IP
or cAMP accumulation by phenylephrine or cirazo- T2 oS ot o)
line. Slices of cerebral cortex were prelabeled with
either [3Hiinosttol (upper panel) or [*Hladenine 100
(lower panel) for the determination of 1P or cAMP '
production. respectively. Various concentrations .
of phenylepnrine or cirazoline were added to the 4
incubation medium $5-10 min before addition of \
norepinephrine (100 uM). The response to a satur- 0.80}
ating concentration (20 uM) of 1soproterenol alone PHENYLEPHRINE
was 0.28 = 0.01 (stippied line). Data are mean = /
SEM (bars) values from three to five separate ex-
periments, each of which was performed in dupli- §
cate. ;‘8 o.e0-
@ /

gg‘ CIRAZOLINE

8

o

T 0s0r

i

0.20f

TABLE 4. Inhibition of norepinephrine-stimulated IP
and cAMP accumulation in rar brain cerebral cortical
slices by a-adrenergic receptor antagonists

1C (nM)

a-Adrenergic
antagonist {*HIP accumuiation  {*HicAMP accumulation

YM-12 617 S = 40 = 6
Prazosin 26 =6 64 = 2
WB 4101 4 =6 3.000 = 1.000
Yohimbine B.000 = 1,000 600 = 100
WY 26.3921 13,0000 = 2,000 172 = 28
Idazoxan 18000 = 4,000 g = 7

Rat brain cerebral cortical slices were prelabeled with [*Hjino-
sitol or {*Hjadenine as described in Materials and Methods.
Varous concentrations of euch untagonist were added S=10 min
before the tissue was exposed to norepinephrine (100 w A, Con-
centrations causing halt-maximal inhition (1C¢,) were deter-
mined by log-probit unaglvsis. Data are mean = SEM vulues
from three to five sepurate expenments, each of which was per-
formed in dupiicate.
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pletely eliminates the a-adrenergic and GABAg re-
ceptor-mediated augmentation of receptor-stimu-
lated cAMP production. The a-adrenergic and
GABAergic systems appeared equally sensitive 1o
Ca*. with the 1C¢, concentration for EGTA being
identical in both cases. This suggests that a-adren-
ergic and GABAg receptor activation allows cal-
cium to enter the cell and mediate the augmenting
response.

Given the previous suggestion that prosta-
glandins may facilitate the cAMP response to neu-
rotransmitters (Partington et al.. 1980). it seemed
possible that calcium was necessary to activate
PLA, to catalyze the production of arachidonic
acid. Quinacrine. a nonselective inhibitor of PLA,
(Billah and Lapetina. 1982: Snider et al.. 1984), re-
duced the augmenting response observed with nor-
epinephrine and baclofen. Whereas guinacrine in-
hibited norepinephrine-siimulated ¢AMP produc-

., T et et~ . .
v, e e " . e R
At . St . - I < e

B ¢ o - D R

] .
. RTINS S RN
SV NI N P T I T S U

-
-

>
. :.
)

N .
E% %t N ;




BRAIN RECEPTORS AND PHOSPHOLIPASES 807

¥ .
- il .
¢ ?
&, or wWB4101
i >
20 YM-12017

FIG. 5. Inhibition of norepinephrine-stim-

ulated IP or cAMP accumulation by pra-

zosin, YM-12,617, WB 4101, and yohim- - . - = a8 —

bine. Slices ot cerebral cortex were pre-
labeled with either [3H]inositol (upper
panel) or [*H]adenine (lower panel) for
the determination of IP or CAMP produc-
tion, respectively. Various concentrations
of antagonists were added 1o the incuba-
tion medium 5-10 min beforz addition of
norepinephrine (100 uM). The response
to a saturating concentration (20 uM) of 0.80|
isoproterenol alone was 0.35 = 0.05
(stippled line). Data are mean = SEM

(bars) values from three to five separate 3

experiments, each of which was per- %% 0.0

tformed in duplicate. 3§

[ 4

uw

<t

d §°
:: 0.40

tion to the level of the response to isoproterenol
alone, indicating a complete abolition of the aug-
mentation, a small fraction (~20%) of the facili-
tating response to baclofen was insensitive to inhi-
bition by this substance. If the quinacrine results
are indicative of the participation of PLA,. these
findings suggest that the a-adrenergic modulation
of cAMP production is totally dependent on this
enzvme. whereas a small component of the GABA
response is independent of PLA,. The influence of
] guinacrine on IP formation was also examined. Al-

though quinacrine appeared to reduce norepineph-
) rine-stimujated IP accumulation. it also greatly en-

hanced the basal levels of IP. making it impossible

to assess the sensitivity of this receptor-mediated
. phenomenon to quinacrine.

Given the nonselectivity of quinacrine. an at-
tempt was made to demonstrate more conclusively
that PLA, is a component of the modulating re-
sponse. Recently 1t has been reported that ACTH

administration reduces the a-udrenergic component
of norepinephrine-stimulated cAMP accumulation
in rat brain (Duman et al., 1985). A mechanism for
this action may be that the peptide stimulates the
release of adrenal corticosteroids. which. in turn,
promote the production of a protein (e.g.. macro-
cortin) that inhibits PLA, (Blackwell et al., 1980),
Because corticosteroid administration is known to
reduce PLA. activity in a variety of tissues (Lewis,
1984). treatment with this hormone might atten-
tuate the augmenting response 10 a-adrenergic and
GABAy receptor agonists, The results indicated
that chronic (2 weeks) administration of cither
ACTH or corticosterone decreased the ¢cAMP re-
sponse to norepinephrine and to the tsoproterenol
baclofen and isoproterenol 6-fluoronorepinephrine
combinations without affecting the B-adrenergic re-
ceptor response. This finding 1s consistent with the
notiort that activation of PLA. 18 u consequence of
a-adrenergic and GABA receptor stimulation.
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In contrast to cAMP accumulation, ACTH treat-
ment had no effect on norepinephrine- or curba-
chol-stimulated 1P formation. suggesting that the
hormone-induced reduction in norepinephrine-
stimulated ¢cAMP accumulation 1s independent of
catecholamine-stimulated IP production. However,
ACTH administration increased the basal levels of
IP. suggesting that the hormone treatment may in-
fluence IP production in some way.

The arachidonic acid formed by the action of
PLA, is metabolized to a variety of products, one
or more of which may mediate the augmenting re-
sponse. Two enzvmes involved in the metabolism
of arachidonate are lipoxvgenase and cvclooxy-
genase (Samuelsson, 1972: Hamberg and Samu-
el>son, 1974). However. inhibitors of these en-
zyvmes were incapable of selectively reducing the
¢AMP accumulation augmenting response to either
a-adrenergic or GABAg receptor stimulation. This
contrasts with an earlier report suggesting that inhi-
bition of cyclooxvgenase modified the a-adrenergic
receptor-mediated facilitation of cAMP accumula-
tion in rat brain slices (Partington et al., 1980). Nev-
ertheless, the present results suggest that arachi-
donic acid. or some other product of phospholipid
metabolism. may influence neurotransmitter re-
ceptor-coupled adenylate cyclase systems in brain.

Because the data implicating PLA, in the aug-
menting response were obtained indirectly, at-
tempts were made 10 demonstrate conclusively that
norepinephrine and baclofen stimuiate PLLA, ac-
tivity or arachidonic acid production in brain. How-
ever, efforts to prelabel brain phospholipids with
[*H)arachidonate were unsuccessful. apparently
because an insufficient amount of the labeled sub-
stance was incorporated into the phospholipid pool.
Likewise, it was not possible to detect a baclofen-
or norepinephrine-induced change in PLA, activity
by measuring the formation of lyvsophosphatidyl-
choline after prelabeling the tissue with [*H]cho-
line. This failure may be due to the fact that a-ad-
renergic and GABA, agonists stimulate only a lim-
ited number of brain cells so that the amount of
liberated [*H]lvsophosphatidyvlcholine is too small
to detect. given the total amount of tissue radioac-
tivity. Thus, the hypothesis that the a-adrenergic
and GABAergic regulation of cAMP production in
brain is associated with the production of fauy
acids must be considered tentative until methods
capable of measuring brain PLA, activity are devel-
oped. or until selective antagonists of PLA. are
found.

To examine the possible relationship between a-
adrenergic simulation of phosphatidviinositol turn-
over and the cAMP-augmenting response. a series
of experiments were conducted to compare the
pharmacological selectivity of the two svstems.
The results ndicated that the potencies of norepi-
nephrine. a nonselective adrenergic agonist. and 6-
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fluoronorepinephrine. a more selective a-adren-
ergic agonist (Daly et al., 1986), to stimulate 1P for-
mation and augment CAMP accumulation were the
same. suggesting a possible relationship between
the two actions. However, ciruzohne and phenyi-
ephrine, selective «,-adrenergic receptor agonists
tvan Meel et al., 1981. Cavero et al., 1982), were
more potent, although less etficacious, than either
norepinephrine or 6-fluocronorepinephrine in stimu-
lating IP production but were incapable of aug-
menting the CAMP response 1o isoproterenol. A
possible explanation for this finding is that cirazo-
linv und phenviephrine are incapable of stimulating
phosphatidylinositol turnover sufficiently 1o aug-
ment the cAMP response. This seems unlikely. be-
cause 6-fluoronorepinephrine facilitated isoproter-
enol-stimulated cAMP production at a concentra-
tion that enhanced phosphatidvlinositol turnover to
the same extent as the more selective a,-adrenergic
agonists. Thus, assuming that phenylephrine and
cirazoline increase IP production by acting at a-ad-
renergic receptors. the results indicate that a-ad-
renergic enhancement of cAMP is not mediated by
IP formation.

In contrast, the selective a.-adrenergic agonist
UK-14.304 (Cambridge. 1981: vun Mee! et al..
1981: Ruffolo. 1984) was without effect on IP for-
mation but facilitated itsoproterenol-stimulated
cAMP accumuiation. The selective as-agonist clo-
nidine (Starke et al.. 1974) is inactive with respect
to IP accumulation (Minneman and Johnson. 1984)
and does not enhance i1soproterenol-stimulated
¢AMP accumulation at saturating concentrations of
the B-agonist (Skolnick and Daly. 1975: Sawava et
al.. 1977: Vetulani et al.. 1977: Schultz and Kiee-
feld. 1979: Pilc and Enna. 1986). The ineffective-
ness of clonidine on the cAMP syvstem has been at-
tributed to its partial agonist properties at as-adren-
ergic receptors iPilc and Enna. 1986). The fact that
combining a,- and a.-adrenergic agomsts had no
greater effect on cAMP production than the as-ad-
renergic drug alone suggests further that IP produc-
tion does not contribute to the cAMP accumulation
augmenting response in rat brain.

Inasmuch as cirazoline and phenylephrine were
substantially less efficacious than norepinephrine in
the [P assay. it was possible these substances may
be partial agonists for the receptor mediating this
response. Indeed. experiments revealed that both
reduced the IP response to norepinephrine. sup-
porting a parttal agonist action. Furthermore. both
agents virtually abolished the uugmenuing compo-
nent of the norepinephrine response in the cAMP
assay. indicating hittle agomist activity at this re-
ceptor. These findings ugree with an earlier report
suggesting that the a-adreneruie receptor-mediated
augmentation of CAMP production in brain s inhin-
ted by aj-adrenergic agonists (Mobiey und Sulser.
197K).
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The pharmacological charactenstics of the a-ad-
renergic receptors associated with 1P production
and the augmentation of ¢CAMP accumulation were
defined further by examining the effect of a number
of a-adrenergic receptor antagonists. Norepineph-
nne-stimulated 1P accumulanon was antagomzed
by this group of drugs with a rank order of potency
characteristic of an a,-adrenergic receptor subtype.
Thus, the more selective a,-antagonists prazosin.
YM-12617. and WB 4101 (Camtridge et al., 1977;
Byvlund and U’ Prichard. 1983: Honda et al.. 1985
were all more potent than the a.-antagonists yo-
himbine. WY 26392, und idazoxan (Chapelo et al.,
1981: Paciorek and Shepperson, 1985). These
findings are in agreement with previous reports
suggesting that norepinephrine-stimulated [P pro-
duction in brain is mediated by «,-adrenergic re-
ceptors (Brown et al.. 1984: Minneman and
Johnson, 1984).

With regard to a-adrenergic augmentation of
cAMP accumulation. the a,-adrenergic receptor an-
tagonists prazosin and YM-12617 were once again
most potent, but the selective a.-adrenergic re-
ceptor antagonists were more active than WB 4101,
another a,-adrenergic receptor antagonist. It was
also noteworthy that prazosin, unlike vohimbine,
does not completely inhibit the a-adrenergic aug-
mentation of cAMP accumulation (Duman et al.,
1985) and that netther YM 12617 nor WB 4101 in-
hibited this response in a monophasic manner, sug-
gesting a mixture of a-adrenergic receptor subtypes
(Pilc and Enna, 1986). These results suggest that a-
adrenergic receptor augmentation of cAMP accu-
mulation may be coupled to several tvpes of a-ad-
renergic receptors, whereas [P formation is asso-
ciated only with the a,-receptor subtype. Because
a,-adrenergic agonists stimulated 1P formation but
did not enhance isoproterenol-stimulated cAMP
production. it appears that phosphatidylinositol
turnover may not contribute to the cAMP re-
sponse. However, this conclusion must be tem-
pered by the realization that the heterogeneous na-
ture of the brain slice preparation makes it difficult
to disprove absolutely an association between [P
turnover and cAMP production.

Even though the role of IP may be doubtful, the
possibility remains that C kKinase is a participant in
this response. 1t has recently been reported that
oieic and arachidonic acids can stimulate C hinase
(McPhail et al., 1984: Murakami and Routtenberg,
19%8)1, making it concenvable that a-adrenergic or
GABAy receptor sumulation activates this enzvme
by stimulating the production ot a tatty acid. A~ has
been shown for piatelet membranes tKatada et al.,
19%5), C kinase mayv then phosphoryviate one or
more of the proteins associated with the receptor-
coupled adenviste oveluse svstem. Such 4 modifi-
cation of bruin tissue could be responsible for the
augmentation in cAMP accumulution noted in the

present study. Although highly speculative. this
model fits the existing data and provides a plausible
mechanism for explaning the neuromodulatory ac-
tion of GABA, und a-adrencrgie receptors in bran.
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Phorbol Esters Enhance Neurotransmitter-Stimulated
Cyclic AMP Production in Rat Brain Slices

E. W. Karbon, S. Shenolikar, and S. J. Enna

Departments of Pharmacology and of Neurobiology and Anatomy, University of Texas
Medical School, Houston, Texas, U.S.A.

Abstract: The effect of phorbol esters on cvclic AMP pro-
duction in rat CNS tissue was examined. Using a prelabeling
technique for measuning cyvclic AMP accumulation in brain
slices. it was found that phorbol 12-myristate, 13-acetate
(PMA) enhanced the cyclic AMP response to forskolin and
a variety of neurotransmitter receptor stimulants while hav-
ing no effect on second messenger accumulation itself. A
short (15-min) preincubation period with PMA was re-
quired to obtain maximal enhancement, whereas the aug-
mentation was lessened by prolonged exposure (3 h) to the
phorbol. The response to PMA was concentration depen-
dent (ECso = 1 uAf) and regionally selective, being most ap-
parent in forebrain, and was not influenced by removal of
extracellular caicium or by inhibition of phosphodiesterase
or phospholipase A,. Only those phorbols known to stimu-

late protein kinase C augmented the accumulation of cvclic
AMP. Moreover. the membrane substrates phosphoryviated
by endogenous C kinase and by a partially purified prepara-
tion of this enzyme were similar. The results suggest that
phorbol esters, by activating protein kinase C, modify the
cyclic AMP response 10 brain neurotransmitter receptor
stimulation in brain by influencing a component of the ade-
nylate cyclase system bevond the transmitter recognition
site. Key Words: Cvclic AMP—Phorbol |2-myristate, 13-
acetate—Phorbol esters—Brain—Neurotransmitter stim-
ulation—Protein kinase C. Karbon E. W' et al. Phorbol es-
ters enhance neurotransmitter-stimulated cvclic AMP pro-
duction in rat brain slices. J. Neurochem. 47, 1566-1575
(1986).

Numerous factors regulate the rate and extent of
neurotransmitter- and hormone-stimulated cvclic
AMP production in biological tissue (Gilman, 1984;
Lefkowitz et al., 1984). These include a receptor rec-
ognition site, stimulatory and inhibitory guanine nu-
cleotide binding proteins (Ny and N;, respectively), the
catalytic unit of adenylate cyclase. and phosphodies-
terases. Some neurotransmitter receptors are directly
coupled to the cvclic AMP-generating system in the
mammalian brain, whereas others are indirectly
linked to second messenger production (Daly et al.,
1981: Drummond. 1983: Karbon et al., 1984; Magis-
tretti and Schorderet, 19835). Examples of the latter in-
clude brain e-adrenergic and y-aminobutyric acid B
(GABAjR) receptors. activation of which fails to stimu-
late production of cyclic AMP but amplifies the re-
sponse to other receptor agonists. This action of

GABA and a-adrenergic agonists is dependent on the
presence of extracellular calcium. a result suggesting
this ion may be an important mediator of the aug-
menting response (Schwabe and Daly, 1977; Karbon
and Enna. 1985: Duman et al.. 1986).

Recently. it has been demonstrated that many hor-
mones and neurotransmitters stimulate the metabo-
lism of polyphosphoinositides. generating the produc-
tion of at least two intraceliular messengers, inositol
triphosphate (IP;) and diacylglvcerol (DAG) (Ber-
ridge, 1984 Berridge and Irvine, 1984; Brown et al.,
1984: Janowsky et al., 1984; Nishizuka, 1984). IP; is
reported to liberate calcium from membrzne-bound
stores, whereas DAG stimulates a calcium-activated.
phospholipid-dependent enzyme, protein kinase C.
which. along with calcium, mediates a variety of cellu-
lar responses (Berridge. 1984). Studies aimed at exam-
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FIG. 1. Effect of PMA on the cycic AMP
(CAMP) response to 10 uM isoproterenol (O),
100 uM norepinephnne (JJ), or 50 uM 2-chioro-
adencsine (A) in rat brain cerebral cortical
slices. PMA was placed in the medium 15 min
before addition of the stimulatory agent. Each
point represents the mean of three expert-
ments, each of which was pertormed in dupii-
cate. In all cases, the SEM was <15% of the
mean.
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ining the relationship between protein kinase C and
receptor-mediated responses have been simplified by
the discovery of phorbol esters. some of which stimu-
late this enzyme by mimicking the action of DAG
(Castagna et al.. 1982). Phorbol esters have been
found 10 influence receptor responses in a number of
tissues, including mammalian brain (Cochet et al.,
1984: Kelleher et al., 1984: May et al., 1984; Sibley et
al., 1984: Bell et al.. 1985; Sugden et al., 1985; Hol-
lingsworth et al., 1985). The present study was under-
taken to investigate this action by examining the effect
of phorbol esters on basal, forskolin- and neurotrans-
mitter receptor-stimulated cyclic AMP accumulation
in rai CNS. The results indicate that, like a-adrenergic
and GABAj agonists. phorbol esters facili* ate neuro-
transmitter-stimulated second messenger accumula-
tion in rat brain, while having no direct effect on cyclic
AMP production themselves.

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats weighing 150-200 g (Timco,
Houston. TX, U.S.A.) were housed five 10 a cage with free
access to food and water. The animals were maintained on
12-b light/dark cycle.

Cyclic AMP analysis

Cyche AMP accumulation was measured using a prela-
beling techmique (Shimizu et al.. 1969). In bnef. the animal
was decapitated. and the brain or spinal cord was rapidly
removed and placed into 1ce-cold Krebs-Ringer-bicarbon-
ate bufer (pH 7.4) containing 118 mAf NaCl, s mif KCL
1.3md CaCl;. 1.2 m3d MgSO.. 1.2 mV KH:PO,. 25 mVf
NaHCO,.and 1 1.1 mA glucose. Following dissection of the
brain into regions. slices (350 um) were prepared using a
Mcllwain tissue chopper and then preincubated for 15 min
at 37°Cin oxvgenated (95% O.’5% CO;) buffer. After prein-
cubation. the shices were rinsed. placed into fresh buffer. and
incubated for 1 h at 37°C with 0.1 A [*H]adenine. The
labeied tissue was ninsed twice with buffer, and portions
(~15 mg) placed into vials containing 440 ul of buffer and
incubated for another 10 min before addition of activators
of adenslate cyvclase {isoproterenol. 2-chloroadenosine, va-

.
P PR SN DR

o 23 4

SOV Ll SLAMR

g

PMA], M 5:;
!_
soactive intestinal peptide (VIP). prostaglandin E, (PGE.). L
norepinephnne. or forskolin}. The phorbol esters were usu-
ally placed into the reaction mixture | S min before addition - v
of the activator. The samples were incubated for 10 min fol- "
lowing exposure 10 the cvclic AMP stimulants. and the reac- "
tion was terminated by addition of 10% tnchloroacetic acid .
(350 ul). The samples were homogenized and then centn- o
fuged at 13.000 g for 10 min at 4°C. and total radioactivity
was monitored in 50-ul samples of the supcrnatant. The re- s
maining supernatant was assaved for [’HJcvclic AMP using Ve
the double column method of Salomon et al. (1974). The ta
results are expressed as the percentage of total radioactivity o<,
present as cvclic AMP (percentage conversion).
Phosphorylation analysis o
Rat brain cortical slices were preincubated for 60 min at -
30°C in oxvgenated Krebs-Ringer-bicarbonate buffer con- o
taining [**Plorthophosphate (1 mCi/ml) to equilibrate in- :-'.
tracellular ATP pools. The tissue shices were nnsed twice -._';-
A
gl
TABLE 1. Efiect of PMA preincubation time on e
1soproterenol-sumudated cvelic AMP accumudation ::.-'
in ra: bramn corical stices o
Duraton of PM A :‘_':‘
incubation before Cyvclic AMP e
1soproterenol tormation W
Condition tminy % conversion) "'~'
Basal — Uor = 001 o
Isoproterenol
Alone — G3T=004 ca-
- PALA It (86 = (10
-PMaA N 062 =003 A
-PMA [ O K] =004 ES
-PMA i ORI = (ud -
~PMa 60 (HTe =03 o
Rat brain cerebral corucal shices were exposed to PNA (110 40
for the indicated interval betore addition of soproterenol (10 u VM) ’
In all cases. cyvchic AMP accumulation was measured 10 min follow- RN
ing exposure to the s-adrenergic agomist. Data are mean = SEM '.'
values from four expenments. cach of which was pertormed 1in du- -
plicate PMA alone was without effect on hasal cschie AMP accu- '
mulation
7 Signiticantiy different trom the S-mun preincubation condition
(p = 003 by Student's two-tnled 7 1est
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TABLE 2. Influence of prolonged exposure to PAf4 on 2-
chloroadenosine- and 2-chloroadenosine plus PMA-
stemudated cyvelic AMP accumudation in rat
brain cortical slices

Cyclic AMP formation
{% conversion)

Condiuon Control PMA-treated
Basal 0.05 +0.01 0.08 +0.02
2-Chloroadenosine 1.62+0.23 2.32+0.24
2.Chloroadenosine + PMA 3.66 +0.30 2.37+0.24

Rat brain coruical slices were incubated in the absence or presence
of PMA (10 pAf) for 3 h, nnsed twice with fresh buffer, and ncu-
bated an additional 10 min before addition of vehicle or 10 uM
PMaA for 15 min, at which time 2-chloroadenosine (50 uAf) was
added. Data are mean - SEM values from three experiments, each
of which was perform: ! in duplicate.

with fresh bufter, portions (15-20 mg) were placed into
tubes containing 300 ul of buffer. and PMA (10 uM ) or vehi-
cle was added to each after a 10-min preincubation. Follow-
ing a 15-min exposure to PMA or vehicle, the slices were
homogenized in a Potter-Elvehjem homogenizer in 50 vol-
umes of buffer (pH 7.4) containing 100 mAf NaF and S mM
EGTA. and the homogenate was centrifuged at 48.000 g for
10 min. The resultant pellet was resuspended in the original
volume of the NaF-EGTA buffer and centrifuged again at
48.000 g for 10 min. A portion of the membrane fraction
(total protein. 60 ug) was added to an equal volume of buffer
containing 0.1% (wt/vol) sodium dodecv! sulfate (SDS), in-
cubated for 5 min at 100°C, and subjected o electrophoresis
in 10% (wt/vol) polvacryvlamide gels according 1o the
method of Laemmli (1970). The slab gel was stained with
Coomassie Brilliant Blue and dried. and an autoradiogram
was produced on Kodak XRP film by exposure for § h at
—-R0°C 1n cassettes using Dupont Cronex Lightening Plus
intensifier screens. Bio-Rad SDS-polyvacryvlamide gel elec-
trophoresis (PAGE) low-molecular-weight standards were
used as protein markers: lysozyme, M, 14.000: sovbean
trypsin anhibitor, M; 21.500: carbonic anhvdrase, M,

5.04
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o
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CAMP Formation
(% Conversion)
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31.000: ovalbumin, M, 45.000: bovine serum albumin, M,
66,200: phosphorylase b, M, 92,500.

In other experiments, membranes were prepared from
brain slices incubated 45 min at 30°C in the absence or pres-
ence of PMA (10 uAf) as described above. For analysis of
endogenous protein kinase C activity, membrane fractions
were incubated at 30°C in 50 mAf Tris-HCI (pH 7.5) con-
taining 0.1 mA EDTA, 15 mAM 2-mercaptoethanol. 200 u M
phosphatidylserine, 10 uM DAG. 2.0 mA MgCl,. and 0.2
mAf [y->*P)ATP (10® cpm/umol) in the absence or presence
of | mM CaCl,. Phosphorylation of control membranes by
exogenously added protein kinase C (0.2 U/ml) plus PMA
(1 uAf) was also examined. In these experiments, cyclic
AMP-dependent protein kinase activity was abolished by
including the heat-stable protein inhibitor of this enzvme in
the incubation medium (Whitehouse and Walsh, 1983).
The reaction was terminated afier 15 min by addition of
SDS buffer, and phosphoprotein analysis was performed on
40-ug samples as described above. Protein content was de-
termined by the method of Lowry et al. (1951).

Purification of protein kinase C

A partially purified preparation of protein kinase C was
obtained from rat brain cerebral cortex using the method of
Parker et al. (1984). One unit of activity was defined as the
amount of enzvme required to phosphorylate 1 mmol of
histone H1 in 1 min at 30°C.

Materials

[*H]Adenine (29 Ci/mmol) and ['“C)cvclic AMP (44
mCi/mmol) were purchased from ICN Pharmaceuticals (Ir-
vine. CA. U.S.A.). [**P)Orthophosphate (30 Ci/mmol) and
{v-32P]ATP (3.000 Ci/mmol) were purchased from Amers-
ham Corp. (Chicago. IL, U.S.A.). Unlabeled cvclic AMP,
(+)-isoproterenol, (—)-norepinephrine bitartrate. 2-chloro-
adenosine, PGE,. quinacrine, phorbol esters, 1-oleovl-2-
acetyl-rac-glycerol (DAG). and phosphatidylserine were ob-
tained from Sigma Chemical Co. (St. Louis. MO, U.S.A)).
Forskolin was purchased from Calbiochem (San Diego, CA.
U.S.A.) and VIP from Cambridge Research Biochemicals
(Atlantic Beach, NY, U.S.A.). SDS-PAGE low-moiecular-
weight standards were obtained from Bio-Rad (Richmond,
CA. U.S.A)). Ro 20-1724 was kindly donated by Dr. W,
Burkhardt of F. Hofimann-LaRoche (Basel, Switzerland).

FIG. 2. Concentration-response characteristics ot 2-
chioroagenosine (2-CL-ADQ) in the absence (J) and
presence () of 10 uM PMA 1n brain cerebral cortical
siices. PMA was added 15 min before 2-CL-ADO. Each
point represents the mean of three experiments, each
of which was performed in duplicate. In all cases, the
SEM was <15% of the mean. cAMP, cyclic AMP.
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TABLE 3. Effect of PMA on receptor-stimulated
cvelic AMP accumulation

Cyvclic AMP formation
(% conversion)

Activator Control +PMA
Basal 0.07 £ 0.0} 0.09 £ 0.0!
Isoproterenol (10 u M) 0.44 = 0.06 1.17+£0.10
PGE,; (100 ) 0.32 +0.05 0.61 +0.03
2-Chloroadenosine (100 u ) 2.20+0.21 391 +0.31
VIP (0.2 uM) 0.80 £ 0.14 1.91 £0.23
VIP (1.0 uM) 4.16 +0.07 5.95+0.37

Rat brain cortical slices were incubated in the absence or presence
of PMA (10 p M) for 15 min before addition of activator. Data are
mean = SEM values from three expenments. each of which was
performed in duplicate.

Stock solutions of PGE,, forskolin. and Ro 20-1724 were
prepared in ethanol. and the phorbol esters were dissolved
in dimethylsulfoxide. Preliminary experiments revealed
that these solvents had no effect on cvclic AMP formation
at the dilutions used [<0.1% (vol/vol)).

RESULTS

Phorbol 12-myvristate, 13-acetate (PMA) enhanced,
in a concentration-dependent manner. isoproterenol-
stimulated cyclic AMP accumulation in rat brain ce-
rebral cortical slices (Fig. 1). PMA caused a threefold
increase in second messenger formation in the pres-
ence of a saturating concentration (10 uM) of the
B-adrenergic receptor agonist. The concentration of
PMA necessary to achieve 50% of the maximal en-
hancement was ~ 1 u3M. Qualitatively similar results
were obtained with norepinephrine- and 2-chloroade-
nosine-stimulated cyclic AMP formation (Fig. 1).
PMA nearly doubled the cyclic AMP response to a
saturating concentration (100 M) of norepinephrine
and increased the response to the adenosine analog
(50 uM) ~70%. The potency of PMA to enhance the
response to these agents was similar to that found with
1soproterenol. PMA itself had no significant effect on
cvelic AMP formation at concentrations up to
100 uM.

A time-course study was undertaken to determine
whether the length of the prior exposure to PMA was
a vanable in this response (Table 1). In all cases, the
brain slices were exposed to isoproterenol for 10 min.
Simultaneous addition of isoproterenol and PMA re-
sulted in a 50% enhancement in the response to the
B-adrenergic agonist. A similar increase was observed
when the slices were incubated with PMA for § min
before addition of isoproterenol (total exposure to
PMA for 15 min: Table 1). However. a PMA preincu-
bation period of 135, 30, or 60 min resulted in an even
greater accumulation of cvclic AMP in the presence
of isoproterenol. In the latter cases. second messenger
accumulation was some twofold greater than that ob-

tained with tsoproterenol alone (Table 1). The more
lengthy preincubation (60 min) had no effect on the
potency of PMA to augment the second messenger re-
sponse (data not shown).

The infiuence of prolonged exposure 10 PMA was
also examined (Table 2). A 3-h preexposure to PMA
increased only slightly the cyclic AMP response to 2-
chloroadenosine alone. However, no additional en-
hancement of cyclic AMP accumulation was noted
when 2-chloroadenosine was added in combination
with PMA to phorbol-pretreated (3 h) slices.

A brief (15 min) preincubation with PMA had only
a slight effect on the potency of 2-chloroadenosine to
stimulate cvclic AMP production (Fig. 2). In the ab-
sence of PMA, the ECs, for 2-chloroadenosine was
~ 18 uM, double that found in the presence of the
phorbol ester. The concentration-response study also
revealed that the maximal response to 2-chloroade-
nosine was some twofold greater when PMA was pres-
ent as compared with 2-chloroadenosine alone
(Fig. 2).

PMA enhanced (twofold) the second messenger re-
sponse to a saturating concentration of PGE,; (Table
3). Likewise, PMA augmented the response to VIP,
with the magnitude of the enhancement being depen-
dent on the concentration of peptide. In the presence
of 0.2 uM VIP, PMA (10 uM) increased the response
over twofold, whereas the enhancement was only 40%
with 1.0 uM VIP. PMA was also found to increase
cyclic AMP accumulation in response to forskolin
(Fig. 3). With this agent, the phorbol ester approxi-
mately doubled the response.

.04

»
2

bnd
@»
r

cAMP Formation
(% Conversion)

1.04

0.54

l e

1 10 100
[FORSKOLIN , M

FIG. 3. Forskolin-stimulated cyclic AMP (CAMP) formation in rat
brain cortical shices in the apsence (2)) and presence (Z) ot 10 uM
PMA. The tissue was exposed to PMA for 15 min betore addition
of forskohn. Each point represents the mean of four expenments,
each of which was performed in duphcate. In all cases. the SEM
was <15% of the mean.
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TABLE 4. Regional distribution of the effect of PMA on 2-chlorvadenosine-stimulated

cvclic AMP accumulation in the rat CNS

Cyclic AMP formation (% conversion)

Region Basal 2-CL-ADO PMA 2-CL-ADO + PMA
Cerebral cortex 0.10 2 0.01 1.47 £ 0.1 0.14 £0.02 313 +0.20°
Hippocampus 0.07 +0.01 1.57 £0.36 0.10 £ 0.02 2.72+0.35°
Pons-medulla 0.25 2 0.09 1.8220.35 0.33+0.09 1.89 = 0.38
Cerebellum 131 +0.19 348+ 0.43 1.76 + 0.19 4.02+0.35
Spinal cord 0.43 £0.09 1.04 = 0.09 0.70 = 0.16 1.40 = 0.20

Cyclic AMP accumulation was examined in vanous regions of the rat CNS following addition of
2-chloroadenosine (2-CL-ADO) in the absence and presence of PMA (10 uAf). PMA was added 15
min before 2-CL-ADO (50 uAf). Data are mean * SEM values from four experiments, each of

o™ ot el avdh ol ol

Lok _ate g

WA
s"-'\.‘-

which was performed in duplicate.

“Significantly different from 2-CL-ADO alone (p < 0.05 by Student’s two-tailed ! test).

The augmenting response to PMA was regionally
selective in the rat CNS (Table 4). PMA (10 uMf) sig-
nificantly increased 2-chloroadenosine-stimulated cv-
clic AMP accumulation in the cerebral cortex and
hippocampus but had little effect in the pons-medulla,
cerebellum. or spinal cord (Table 4). Higher concen-
trations (50 uM) of PMA vielded similar results. PMA
had no significant effect on basal cyclic AMP levels in
any of the regions examined (Table 4).

Neither EGTA (2.5 mAM/) nor quinacrine (200 uM)
had any effect on the PMA-isoproterenol interaction
in rat brain cerebral cortical tissue (Table 5). Likewise,
the phosphodiesterase inhibitor Ro 20-1724 failed to
modifv the interaction. even though this substance in-
creased cvclic AMP accumulation itself. Identical re-
sults were obtained with the phosphodiesterase inhibi-
tor isobutvimethyixanthine (data not shown).

Of the four phorbol esters examined. only PMA
and 43-phorbol 12.13-dibutyrate significantly in-
creased the cvclic AMP response to isoproterenol in
cerebral cortical tissue (Table 6). With both phorbols,
the response to isoproterenol was increased almost
threefold. In contrast, neither 4a-phorbol nor 4a-
phorbol 12.13-didecanoate had any effect on isoprot-
erenol-stimulated cyclic AMP production, even up to
concentrations of 100 u.

When the effect of PMA on protein phosphoryla-
tion in **P-prelabeled slices was examined, it was
found that the incorporation of **P into trichloro-
acetic acid-precipitable proteins was increased 30-
50% by the phorbol esters as compared with controls
(data not shown). Of the large number of proteins
present in the isolated membranes. relatively few were
phosphorylated by endogenous cellu'ar protein ki-
nases (Fig. 4). Virtually all of the phosphoproteins
showed some increase in **P content following expo-
sure of the brain slices to PMA. Analysis with a soft
laser gel scanner indicated a widely varied (10-80%)
increase in individual membrane protein phosphory-
lation.

The phosphorylation of membrane proteins by en-
dogenous protein kinase C (Fig. 5, lanes A-D) was
compared to that obtained in the presence of added C
kinase (Fig. 3. lanes E and F). Maximal phosphoryla-
tion of the membrane fraction was observed after a
15-min incubation. as judged by analvsis of total P
incorporation into the trichloroacetic acid-precipita-
ble proteins. The phosphoprotein patterns in mem-
branes prepared from control and PMA-treated slices
were qualitatively similar. The PMA-treated mem-
branes incorporated ~ 30% less *P under basal condi-
tions (i.e.. in the presence of 10 mAf EGTA: Fig. 5.

TABLES. Efects of EGTA. Ro 20-1724, and quinacrine on PALA enhancement of
cvelic AMP accumulation in response to isoproterenol

Cyclic AMP formation (% conversion)

Condution Control ~EGTA +R020-1724 +Quinacrine
Basal 0.06 = 0.005 0.08 =0.01 0.19=0.C2 0.07=0.01
Isoproterenol 0.35=0.02 0.33+0.04 1.12=0.13 0.40=0.03
Isoproterenol ~ PMA 093 =008 094 =0.12 200=018 0.90=0.10

EGTA (2.5 mM). Ro 20-1724 (25 uA). or quinacrine (200 4 Af) was added to rat brain cerebral
cortical shices 10 min before PMA (10 u3f) or buffer and 25 min before 1soproterenol. Data are
mean = SEM values from three or four experiments. each of which was performed in duphcate.
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lanes A and B). Incorporation of **P into control
membranes by endogenous protein kinase was in-
creased 45-50% in the presence of calcium and phos-
phatidviserine (Fig. 5. lanes A and C). However, addi-
tion of | mAf CaCl: did not significantly increase the
degree of phosphorylation in PMA-treated mem-
branes (Fig. S, lanes B and D).

To establish that the calcium- and phospholipid-de-
pendent phosphorylation observed in the brain mem-
branes was catalyzed by protein kinase C, we exam-
ined the phosphorvlation of control membranes by a
partially purified preparation (Parker et al., 1984) of
rat brain protein kinase C (Fig. 5, lanes E and F). The
results indicated that some of the calcium-indepen-
dent protein phosphorylation induced by endogenous
protein kinase in control membranes (Fig. 5, lane A)
was absent when an inhibitor of cvclic AMP-depen-
dent protein kinase was added (Fig. 5. lane E), a result
suggesting it may represent basal protein phosphory-
lation by a membrane-bound cyclic AMP-dependent
kinase. Addition of protein kinase C (0.2 U/ml) and
PMA (1 uM), which renders the enzvme calcium in-
dependent. enhanced phosphorylation some 2.5-fold
(compare Fig. 5. lanes E and F). with the majority of
phosphate incorporated into proteins that were also
substrates for endogenous protein kinase C (arrows).
No phosphorylation was noted when the membranes
were exposed to PMA alone.

In a comparison of the phosphoprotein profiles re-
sulting from PMA treatment of cerebral cortical slices
and the exposure of brain membranes to purified C
kinase. it was found that almost all proteins repre-
sented by the 20 bands incorporated some **P under
these conditions (Fig. 6). However, five of the six pro-
teins incorporating the greatest amounts of radioac-
tivity (15, 67. 77, 120. and 140 kilodaltons) during ex-
posure of brain slices to PMA were phosphorylated to
a similar extent when brain membranes were incu-
bated with exogenous C kinase.

TABLE 6. [nfluence of various phorbol esters on
wsoproterenol-stimulated cyelic AMP accumulation
in rat brain cerebral cortical slices

Cyclic AMP
formation
Condition (% conversion)
Basal 0.06 = 0.005
Isoproterenol 0.38 =0.03
Isoproterenol + PMA 1.14 2 0.10
Isoproterenol « 43-phorbol
12.13-dibutvrate 1.20 % 0.07
Isoproterenol ~ 4a-phorbol 0.38 = 0.04
Isoproterenol « 4a-phorbol
12.13-didecanoate 0.36 = 0.03

Rat brain cortical slices were preincubated with one of the phor-
bol esters (10 uA) for 15 mun before addition of 1soproterenol (10
ulf). Data are mean = SEM values from four expennments, each of
which was performed 1n duplicate.
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FIG. 4. PMA-stimulated phosphorylation of cortical slices. Rat
brain cortical slices were prelabeled with [*Plorthophosphate and
then exposed to either vehicle or PMA. Cortical membranes were
then prepared. and aliquots were subjected to gel eiectrophoresis
and autoradiography.

DISCUSSION

This study confirms and extends previous reports
that tumor-promoting phorbol esters augment drug-
and neurotransmitter-induced second messenger pro-
duction in a variety of ussues, including brain (Si-
mantar and Sachs. 1982: Bell et al.. 1985 Hollings-
worth et al., 1985; Sugden et al., 1985). The discovery
that PMA ampilifies the second messenger response 10
a variety of substances, including noradrenergic re-
ceptor agonists. 2-chloroadenosine, VIP. and PGE..
suggests that it modifies a component of the adenvlate
cvclase complex bevond the level of the receptor rec-
ognition site. This conclusion 1s supported by the
finding that PMA enhances the cvclic AMP response
to forskolin. an agent thought to stimulate directly the
catalvtic component of adenviate cvclase and perhaps
N, (Seamon et al.. 1981: Green and Clark, 1982).
Thus. phorbol esters mav enhance the function of N,
or the catalvtic unit or perhaps may facilitate the cou-
pling between these proteins. amplifving the response
to stimulation. Similar results have been reported for
phorbol esters with respect to cvclic AMP production
in $49 lvmphoma celis. pinealocyvtes. and guinea pig
brain (Bell et al.. 1985: Hollingsworth et al.. 198%;
Sugden et al.. 1985). although the present findings
differ from those obtained with avian enthrocyvtes. in
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'S FiG. 5. Protein phosphorylation in control and PMA-treated membranes. Rat brain cortical shces were exposed o vehicle or PMA (10
; uM) for 45 min. and membranes were prepared as descnbed in Matenals and Methods. Lanes A-D represent the effect of endogenous
> protein kinase activity in the presence of EGTA (lanes A and B) or stimuiated by calcium, DAG. and phosprolipid (1anes C and D). whereas

lanes E and F show the patterns obtained with membranes either not exposed (lane E) or exposed (iane F) in witro to a partially purified
preparation of protein kinase C.

which phorbol esters inhibit 3-adrenergic-stimulated
adenvlate cyclase (Kelieher et al.. 1984: Sibleyv et al..

aresidual modification resulting from the initial expo-
sure 1o the phorbol ester. However. when the tissue

¥, 1984). was incubated with PMA and 2-chloroadenosine fol-
'; The potency (ECy = 1 u M) of PMA to amplify sec- lowing the prolonged preincubation with the phorbol
. ond messenger responses in brain is somewhat less ester, no further accumulation of cyvclic AMP was ob-
. than that observed for the modulation of activity in served. This contrasts with the results obtained with
1 some systems {Ohmura and Friesen. 19835: Vicentini control tissue incubated for 3 h in the absence of the

PR DU RN B A

etal.. 1985) butis similar to that found for other intact
tissues (Labarca et al., 1984: Putney et al.. 1984). The
potency in tissue slices may. in part. be a function of
the lipophilic nature of PMA., which enables this sub-
stance to accumulate in lipid compartments. Perme-
ability barriers may aiso account for the time depen-
dency of the response. with a greater augmenting re-
sponse occurnng when the ussue was exposed 10 the
phorbol for several minutes before activation of ade-
nylate cvclase. Aliernatively. the delaved response to
PMA may be indicative of a time-dependent modifi-
cation of the second messenger svstem (1.e.. phosphor-
vlation).

Of particular interest was the finding that the aug-
menting response was eliminated following prolonged
exposure to PMA. The small increase in ¢cvclic AMP
formation observed in response to 2-chlorosdenosine
following a 3-h preincubation with PMA ...y reflect

J Neurochr v o) 47 No & 1us4

phorbol. for which combined exposures to PMA and
2-chloroadenosine caused a twofold enhancement in
cvclic AMP formation relative 1o that observed with
the adenosine analog alone. Thus. 1t is possible that
protein kinase C. the presumed target of PMA. be-
comes “desensitized” during long-term exposure 1o
the phorbol ester. Others have reported that both en-
dogenous protein kinase C activity anc phorbol ester
binding capacity diminish 1n cell cultures following
long-term incubation with phorbols (Collins and Ro-
zengurt. 1984: Rodniquez-Pena and Rozengurt, 1984:
Gainer and Murrayv, 1985 Wickremasinghe et al..
19835).

The magnitude of the response to PMA in brain tis-
sue appears 10 be a function of the amount of ¢cychic
AMP produced by the stimulating agent. At subsatu-
rating concentrations of receptor agonist. PMA en-
hanced the response several-fold. whereas the degree
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L able for “P incorporation by endogenous phospho-
& lipid-dependent protein kinase had already been
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FIG. 6. Comparison of the phosphoprotein profiles elicited by
PMA treatment of 2P-labeled cerebral cortical slices (left) or ex-
posure of cerebral cortical membranes to a partially purified prep-
aration of C kinase and PMA (right). The absence of a circle indi-
cates that the protein failed 10 incorporate any radioactivity be-
yond that observed in control (no PMA or C kinase) tissue. Open
circles represent proteins that incorporated 10-50% more radio-
activity than controls, whereas closed circles are proteins pos-
sessing 50-200% more radioactivity than controls. kDa, kilodal-
tons

of augmentation was less as the concentration of ago-
nist was increased. This was most apparent with the
more efficacious activators of adenvlate cvclase (2-
chloroadenosine and VIP). This suggests a complex
relationship between the degree of simulation of the
second messenger svstem and its capacity for en-
hancement by phorbol esters.

Protein kinase C is thought to be the primary site of
action of phorbol esters (Niedel et al.. 1983: Parker
et al.. 1984). That activation of protein kinase C was
responsible for the augmenting response noted in the
present studv was indicated by the finding that only
those phorbols known to interact with thisenzyme en-
hanced cvclic AMP accumulation in the brain shice.
Moreover. autoradiographic analyvsis revealed that ex-
posure of [“P]phosphate-labeled shices to PMA in-
creased the phosphorylation of membrane proteins.
Furthermore. activation of endogenous C kinase with
calcium. DAG. and phospholipid. although increas-
ing protein phosphorvlation in membranes prepared
from control slices. had no effect on membranes ob-
tained from tissue previously exposed to PMA. Pre-
sumably. this indicates that those sites normally avail-

- -
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phosphorylated during the 1niual exposure to PMA.
Finallyv. the involvement of protein kinase C in the
response to the phorbols was also indicated by the
finding that exposure of untreated membranes to a
partially punfied preparation of the enzyvme resulted
in a phosphoprotein profile similar 10 that observed
following simulation with calcium. DAG. and phos-
pholipid. Thus, 11 would appear that phorbol esters
stimulate C kinase in the rat brain slice under condi-
uons in which cvchic AMP accumulation 1s aug-
mented. a result suggesting that protein phosphonyla-
tion is an important mediator of this response.

The action of PMA on brain second messenger pro-
duction is reminiscent of that reported for a-adrener-
gic and GABAy receptor agonists (Daly et al., 1981;
Karbon and Enna. 1985 Magistretu and Schorderet.
1985; Pilc and Enna, 1986). Thus. phorbols and
a-adrenergic and GABAp agonists all augment the re-
sponse to a variety of cvclic AMP-coupled receptor
agonists, an observation suggesting a postreceptor site
of action. None is influenced by phosphodiesterase in-
hibitors. and all three have only a modest eff=ct on the
potency of the agonist to stimulate second messenger
accumulation. Moreover, the regional distribution of
the facilitating response tn CNS tissue is quite similar
for PMA and a-adrenergic and GABAg agonists (Daly
et al., 1981: Karbon and Enna. 1985). with the aug-
mentation being greatest in the cerebral contex and
hippocampus. Because PMA binding sites have been
identified throughout the mammalian CNS (Nagle et
al., 1981: Murphv et al.. 1983: Worlev et al., 1983).1t
appears that the association between phorbol esters
and the cyclic AMP-generating svstem varies among
different brain areas. In addition. it is conceivable that
the regional distribution of the augmenting response
to PMA reflects regional differences in the permeabil-
ity to the phorbol ester.

A major difference between the PMA-induced aug-
mentation and that obtained with a-adrenergic and
GABAGg agonists relates to their dependency on extra-
cellular calcium. The response to PMA in the brain
slice is not affected by EGTA. a substance known to
eliminate the facilitating response to GABAj and a-
adrenergic agonists (Schwabe and Daly, 1977 Kar-
bon and Enna. 1985). Moreover, whereas quinacrine.
a nonselective inhibitor of phospholipase A- (Smider
et al.. 1984). reduces the augmenting response 1o a-
adrenergic and GABAg agonists (Duman et al.. 1986),
it has no effect on the response to PMA. These find-
ings suggest that. in rat brain. the mechanism whereby
a-adrenergic and GABAp agonists augment cyclic
AMP accumulation may differ somewhat from that
of the phorbol esters.

The mechanism by which protein kinase C alters
second messenger responses is unknown. Phorbol es-
ters enhance secretory activity in some svstems, mak-
ing it possible that the cyclic AMP augmenting re-
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sponse 1s due 10 the action of a released substance
rather than to a direct coupling between protein ki-
nase C and the cyvclic nucleotide svstem (Kaibuchi et
al.. 1982; Publicover. 1985). However. the fact that
the PMA response 1s EGTA insensitive would seem
10 argue against the involvement of a calcium-depen-
dent release mechanism. Alternauvely. it 15 possible
that C kinase catalyvzes the phosphoryvlation of a pro-
tein involved in the regulation of second messenger
production. It has recently been reported that protein
kinase C phosphoryviates the a-subunit of N, 1n platelet
membranes. decreasing GTP-mediated inhibinion of
adenvlate cvclase (Jakobs et al.. 1985; Katada et al.,
1985). In the present study. phosphorvlauon of a
41.000-dalton protein. which may represent the a-
subunit of N,. was noted in brain tissue following the
activation of C kinase. Regardless of the mechanism,
these data indicate that protein kinase C may contrib-
ute in a significant manner to receptor-stimulated ¢y-
clic AMP production in brain and that. as in other
tissues, this enzyme may be an impontant regulator of
responses to receptor activation.
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PHORBOL ESTERS DOWN-REGULATE PROTEIN KINASE C IN
RAT BRAIN CEREBRAL CORTICAL SLICES
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The effect of phorbol esters on cyclic AMP production in rat cerebral cortica! slices
was studied using a prelabelling technique to measure cyclic nucleotide accumulation. Cholera
toxin-stimulated cyclic AMP accumulation was enhanced approximately 2-fold by phorbol
12-myristate, 13-acetate (PMA) which alone had no effect on cyclic AMP production. The
augmentation by PMA was maximal within the first hour of incubation, decreasing progressively
thereafter. Protein kinase C activity was decreased B0-90% during a 3 hr exposure to PMA, as
was 3H-phorbol 12,13-dibutyrate binding. Both phosphatidyl serine and arachidonic acid were
found to enhance protein kinase C activity in a concentration-dependent manner, an effect that
was attenuated by prolonged incubation of the brain tissue with PMA. The results indicate that
exposure of brain slices to phorbo! esters causes a down-regulation of rat brain protein kinase
C. and that this modification corresponds with a decrease in the ability of PMA to augment
cyclic AMP production, suggesting a functional relationship between the two systems in rat
brain. € 1986 Academic Press, Inc.

A number of components are associated with receptor-mediated changes in cyclic
AMP production (1). Certain neurotransmitter receptors are directly coupled to adenylate
cyclase by way of guanine nucleatide binding proteins (G), with some activating (through Gs)
and others inhibiting (through Gi) adenylate cyclase activity (1). Other receptors are indirectly
associated with second messenger production (2-4). In this case, receptor activation alone does
not modify Cyclic AMP production, although the response obtained during stimulation of other
sites coupled to Gs is augmented (2-5). For example, while neither Y-aminobutyric acid B
(GABAg) nor O-adrenergic receptor agonists alter basal levels of cyclic AMP in brain slices,
both increase the amount of cyclic AMP accumulated during exposure of the tissue to
[-adrenergic agonists, adenosine or vasoactive intestinal peptide (VIP). This augmenting action
requires extracellular calcium ions (3-5), and is associated with the calcium-dependent enzyme,
protein kinase C (6,7). This hypothesis was supported by the discovery that phorbol esters

known to directly activate protein kinase C also augment transmitter-stimulated cyclic AMP

#Current Address: Department of Pharmacology. Yale University School of Medicine, P.O. Box
3333. New Haven, CT 06510-8066; + Nova Pharmaceutical Corporation, 5210 Eastern Avenue,
Baltimore, MD 21224-2788.
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accumulation (8-11) and by the tinding that the augmenting action of phorbol esters correlates
with protein kinase C-stimulated phosphorylation of brain proteins (10). Furthermore, prolonged
exposure to PMA resulted in a time-dependent attenuation of the augmenting etfect of PMA on

cychc AMP production.

The aim of the present study was to examine the eftect of prolonged exposure to

phorbo! esters on celiular protein kinase C activity and PMA-mediated augmentation of cyclic

AMP accumulatien in rat brain slices. The results indicate that a 3 hr incubation of brain
tissue wath phorbol esters decreases protein kinase C activity, phorbol ester binding., and
PMA-mediated augmentat.on of cychc AMP accumulation. The findings point to the possibility
that protein kinase C 1s down-regulated under these conditions and suggest that this enzyme

contributes to the regulation of cychic AMP production in brain.

MATERIALS AND METHICS

3H-Ac:enme (29 Ci/mmoie) and 1“‘C-cychc AMP (44 mCi‘mmole) were purchased from
ICN, whereas 3H-phorbol 12,13-dibutyrate (10 Ci/mmole) and ¥-32P-ATP (3000 Ci/mmole) were
obtained from Amersham Corporation. Phorbol 12-myristate, 13-acetate (PMA), phosphatidyl
serine, diolein, and histone lils were purchased from Sigma Chemica! Co, DEAE-cellulose DE-52
from Whatman, histone Hy from Worthington Biochemicals, and cholera toxin from Calbiochem.
Cyclic AMP accumulation was measured using the prelabelling procedure of Shimizu
et a! (12). Rat brain cerebral cortical slices (350 x 350 um) were incubated in an oxygenated
185% 0p/ 5% COp) Krebs-Ringer bicarbonate buler (4) containing 0.1 mM 3H-adenine for 1 hr at
379C. The labeiled tissue was rinsed twice and portions (15-20 mg wet weight) placed into vials
prior to incubation with PMA (10 (M) and/or cholera toxin (50 pig/ml). The reaction was
terminated by homogenizing the sampies in 10% (w/v) trichloroacetic acid and the samples
centrifuged at 13.000 x g for 10 min. SH-Cyclic AMP present in the supernatant was estimated
by the double columm method of Salomon et al (13), using 14C-<:yc|ic AMP to measure recovery.
The results are expressed as the percentage of total tritium present as 3H-cyclic AMP (i.e. %
conversion). Control samples were exposed to solvent (DMSQ) instead of PMA.
In parallel experiments, unlabelled tissue slices that had been incubated in the presence or

-

e

o

S absence of PMA were homogenized in 50 mM Tris-HCI buffer (pH 7.5), containing 250 mM
Sy sucrose, 5 mM EGTA, 1 mM dithiothreitol, and 0.1% Triton X-100. The homogenate was
o centrituged at 100,000 x g for 45 min and the supernatant (2.5 mg protein) applied to a
::.-:: DEAE-celiulose column (1 x 3 cm) equilibrated in 10 mM Tris-NCI buffer (pH 7.5), containing 2
s mM EDTA and 50 mM 2-mercaptoethanol. The column was washed extensively with the same

"-\‘ buffer prior to developing with a linear gradient of buffer containing 0 to 0.2 M NaCl (total

volume 25 ml). Protein kinase C activity was measured using histone llis and histone Hy as
] substrates. Protein kinase C activity and 3H-phorbol dibutyrate (PDB) binding were measured
- using established procedures (14). The protein kinase C assays were routinely carried out in the
presence of excess heat-stable protein inhibitor of cyclic AMP dependent protein kinase.

T'n
%.

h )

e RESULTS
. v A 3 hr exposure of rat brain cortical slices to cholera toxin {5C pg/m!) resulted in
o
LV -
7’5}‘“ a8 14-fold increase in cyclic AMP accumulation (Table 1). Inciusion of PMA (10 uM) duning the
A <
t,’t: finai 15 min of incubation significantly increased the amount of cyclic AMP accumulated as
. Wi
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TABLE 1. Cychc AMP accumulation in rat bran cerebral cortcal shces
during incubation with chotera toxin and PMA

Incubation Condition Cychc AMP Accumulation (% Conversion)

Cholera toxin alone {3 hr) 068 +0.07

Cholera toxin + PMA (15 mn) 1.05+011*
Cholera toxin « PMA {30 min) 1.40 £ 0.10"
Cholera toxin + PMA (1 hr) 1.38 + 0.08*
Cholera toxin + PMA (2 hr) 0.96 = 0.09*

Cholera toxin + PMA (3 hr) 0.76 + 0.05

In all cases, rat brain ceredral corical shces were incubated with cholera toxin (50 Lig/mi) for
3 hr. When present, PMA (10 LM} was added for the last 15 or 30 mun, 1 hr, 2 hr, or during
the entre 3 hr incubation perod. Basa! cyclic AMP accumuiation was 0.05% throughout the 3 hr
penod. Each value represents the mean + s.e.m. of 3 separate experiments. each of which was
pertormed in duplicate. * p < 0.05 compared to cholera toxin alone (two-tailed Student's t-test).

compared to cholera toxin alone. PMA-induced augmentation was concentration-dependent (ECg
= 1 uM), with 10 uM PMA yielding a maximal response (data not shown). Augmentation was

observed only with those phorbol esters known to stimulate protein kinase C (data not shown),
and was found to be maximal during the first hour of incubation, decreasing over the next 2 hr
to the level obtained with cholera toxin alone (Tabie 1). The addition of PMA during a 1 or 2
hr exposure to cholera toxin also caused an augmentation of cyclic AMP accumulation, although

the phorbol ester was much less eftective when present for a 3 hr incubation period (Table 2).

TABLE 2. Influence of PMA on cholera toxin-induced accumulation

at cyclic AMP in rat brain cerebra! cortical slices

Cyciic AMP Accumuiation

(% Conversion)

Incubation Condition

(Time) Without PMA With PMA

Cnoiera Toxin (1 hr) 0.12 »+ 0.02 0.30 + 0.03*
Cnoiera Toxin i2 hr) €.38 + 0.04 0.69+0.05"

Zhoiera Toxin (3 hr) 0.59 » 0.C3 0.63 + 0.04

Rat brain cerebral cortical shices were incubated with cholera toxin (50 g'ml) alone or in the
presence of PMA (10 uMj for 1, 2, or 3 hr, alter which cyciic AMP accumuiation was measured.
Basal accumulation of cyciic AMP was 0.05% in all cases. Each value represents the mean *
sem of 3 separate expenments, each of which was performed in duphcate. * p < 0.05
cumpared to corresponding vaiue obtained in the absence of PMA (two-tailed Student's t-test).
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Figure 1. Fractionation of rat brain protein kinase C by DEAE-cellylose chromatography

The brain cytosol {100.000 x g supernatant) was applied to DEAE-cellulose as described in
Methods. Portions (10 pis} of each fraction were assayed for protein kinase C activity by
examining phosphorylation of histone llls in the presence (soiid line) and absence (dotted line)
of calcium, diolein and phosphatidyl serine. Protein kinase activity in control tissue extract R
{circies) and extracts of tissue exposed to PMA for 3 hr (squares) are indicated. ’

Protein kinase C activity could be detected only after chromatography of the tissue
cytosol (100,000 x g supernatant) on DEAE-celiulose (Figure 1). The ability of the enzyme to T S
catalyze the phosphorylation of histone lils was increased 15- to 30-fold in the presence of
calcium (1 mM), diolein (20 pg/ml) and phosphatidyl serine (200 ug/ml). Control tissue displayed

two peaks of histone kinase activity, one of which eluted at approximately .11 M NaCl. This

fraction was sensitive to calcium and phosphatidyl serine, as expected for protein kinase C.
However, only the first histone kinase peak was detected after a 3 hr exposure of the brain
slices to PMA. As opposed to that found in 0.11 M NaCl, the activity of thic enzyme (eluted at
0.C5 M NaCll) was inhibited approximately 50% by calcium {1 mM) and phosphatidy! serine {200

ug. ml). Thus, whereas a 3 hr exposure to PMA reduced protein kinase C activity by 80-90%. the

achivity detected in the first peak of histone kinase was essentially unchanged.

Phosphatidy! serine stimulated protein kinase C activity in the eluted fractions in a ‘._f__.
concentration-dependent manner (Figure 2). The protein kinase activity from control tissue was ' :n-
stimulated maximally by concentrations of phospholipid greater than 200 Lig/ml using histone f:-':
Hq or histone I3 as substrates. The extent of activation in the presence of 1 mM CaCly, o

-y
.‘ h‘

dictein (20 ug'mi) and phosphatidyl serine {200 ug‘ml) was greater using histone Hjy, being

approximately 55-foid, which was similar to that observed with 1 LM PWMA alone (cata not

I
i

srowni.  Unger these conditions. two Ka values (& g ml and 45 g mli were found for
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Figure 2. Th ivation of rat brain protein kin h hatidyl serin

Peak fractions of protein kinase C eluting at 0.11 M NaCl from DEAE-cellulose were
assayed for activation of histone Hq phosphorylation by varying concentrations of phosphatidy!
serine in the presence of 1 mM CaCip and diolein (20 pg/ml). Each point represents the mean
+ s.e.m. of 3 experiments. The control fraction is represented by closed circles and the PMA
treated fraction by the solid squares.

phosphatidyl serine. In contrast to control tissue, fractions obtained from PMA-treated tissue
phosphorylated histone Hy (with a 1.5 to 1.8-fold stimulation by Caz*/phospholipid) at maximal

concentrations of phosphatidyl serine.

Like phosphatidyl serine, arachidonic acid also stimulated protein kinase C in
control tissue, having an apparent K, of 0.13 mM (Figure 3). Moreover, in comparison to the
findings with phosphatidyl serine, enzyme from PMA-treated tissue failed to respond to

arachidonic acid.

When 3H-phorbol dibutyrate (PDB) binding was examined in the presence of
phosphatidy! serine (200 Lig/ml), radioligand binding was found in precisely the same fractions
as protein kinase C activity following ion-exchange chromatography (data not shown). The
binding of 3H.PDB was stimulated by phosphatidyl serine in the absence of calcium ions,
increasing approximately S-fold in the peak fractions at saturating concentrations of the
phospholipid. In contrast, 3H-PDB binding fractions obtained from PMA-treated tissue were
unaffected by phosphatidyl serine, being identical to that observed in control slices in the
absence of the phospholipid. Moreover, PMA (10 uM) displaced very little (< 20%) of the total

isotope bound to fractions from tissue exposed for 3 hr to the phorbol ester (Figure 4).
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Fiqure 3. Activation gf r rain protein kin. rachidgni 1

Histone Hy phosphorylation was activated by various concentrations of arachidonic acid in
the presence of 1 mM CaCly and diolein (20 ug/ml). Each point represents the mean * s.e.m. of
3 experiments. Closed circles represent the activation of the control fraction and squares
represent the fraction from PMA-treated tissue.

c ION

Recent reports have indicated that PMA enhances the ability of a variety of

receptor agonists to increase intracellular levels of cyclic AMP, suggesting that PMA modifies a

post-receptor constituent of the adenylate cyclase system. The fact that FMA augments cyclic

CONTROL

- Sia
” s .
) sz ol £C 200
Srceprzt sy Serce lontenttitir (uy )
Figure 4. EMect of PMA exposure gn SH-Phorbot 12,13-dibutyrate bind:ng to rat brain protein

Rat brain cerebral cortical siices were incubated with PMA tor 3 hr aher which the peak
fractions of proten kinase C actvity obtaned from DEAE-celiuiose were analysed tor
phcspratidyl serine-stimuiated 34.pDB binding. Portons (50 uis) of tne peak traction.
representing approx:mately 5C g protein. were incubatec tor 15 min at 30°C with 3H-PDB (10
ntt; Speciic binaing was definec as tne diMerence between total binding and that observed in
the preserce of a saturabng 110 LM concentration of uniabelied PMA. Each point represents
the mear = serm o' 3 expenments. each of which was performed in guplicate. Centrol tractions
iciosed circ.es, and fractions from the PRIAtreated t.ssue isquares) were assayed.

‘§<6

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

LR R EE LRI LT ER . ' e AR R o2 A2t "WWWTWWWT*WW‘WTV'WWV"{W
(A%
-

AN N AL AT

Yt AN

S -
S

~

oo
2
v "

KA

.'.'

.".' LY
" 'y
Lda -

AL L 2L

WL




ST T,y

‘aftela i Sl Aglym =

Vol 139 No 1. 1986 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

AMP production in response to forskohn (10, 14), a diterpine that directly stimulates the
catalytic subunit of adenylate cyclase and perhaps Gs (15.16), would seem to supgort this
conclusion. Moreover. as demonstrated in the present study, PMA also augments the cyclic AMP
response to cholera toxin, an agent that promotes second messenger accumulation by
ADP-rbosylating Gs, lending further support to the notion that PMA influences some

component of the adenylate cyclase system beyond the receptor recognition site. The potency

ol
of PMA (ECgp = 1 LiM) in this regard was similar to that observed previously with intact tissue [ X
e
110. 17). The capacity ot the partally purified rat brain protein kinase C to be fully activated '::
n witrg by 1 (M PMA suggests that the higher concentration required with intact tissue may -.-:
ASES
o

be due to a hmited penetration of the phorbol into the slice preparation {10).

-
.

The major finding of the present study was that prolonged exposure of rat brain ) ",:J:?_
slces to PMA reduces the abilty of the phorbol ester to augment cholera toxin-stimulated . ‘ ) ’ 5“:.:
cychc AMP accumulation. The decline in the augmenting response to PMA does not appear to .:::.
be due to a decrease in the capacity of adenylate cyclase to synthesize cyclic AMP since P
cholera toxin-stimulated second messenger accumulation was unaffected by prolonged exposure e~ _,,’_“,_ e e -‘k_
to PMA. Moreover, previous work has demonstrated that the cyclic AMP response to ‘:‘::

o

2-chloroadenosine is not modified by a long-term incubation of the rat brain tissue slice with
phorbol esters (10). Prolonged exposure of cells to phorbol esters has been reported to diminish
celiutar protein kinase T or total phorboi binding (18-22), and a down-regulation of brain

protein kinase C following a 3 hr incubation with PMA has been previously suggested (10).

In the present study, a maximal extraction of protein kinase C was achieved by
homogenizing brain tissue with 5 mM EGTA and 0.1% Triton X-100. Extensive washing of the

particulate fraction with 1% Triton X-100 failed to yield additional protein kinase C, indicating

P
(Y

a complete liberation of the enzyme by this treatment. Analysis of the extract fractionated on

P

Pv‘l"f' *
> 4

5

DEAE-ceiiulose suggested a selective time-dependent decrease in calcium- and phosphatidy!

-
L

]

serine-dependent protein kinase activity foliowing proionged exposure to PMA, Tissue treated
with PMA retained less than 20% of its protein kinase C activity when assayed at all

concentrations of phosphatidyl serine or arachidonic acid, indicating that the loss of activity

was not due to an alteration in the K, of the allosteric requlators of the enzyme. The finding

~

o

that phosphatidy! serine-stimulated 34-PDB binding was reduced to a similar extent as protein

.F.".l."'
LA

kinrase C actwity confirms that the primary celiuiar receptor for the phorbol esters is no
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4
q longer available (13, 21). Immunological analysis of the absolute amount of protein kinase C, as
‘ undertaken by Ballester and Rosen (25), will be required to establish whether this change is
,;' due to a loss of enzyme (20-24) or to a modification in enzyme activity.
' L4
The present findings represent the first demonstration of a phorbol ester-stimulated
. down-reguiation of protein kinase C in a tissue preparation. The results indicate a key role for
D
.' this enzyme in the augmentation of neurotransmitter-stimulated cyclic AMP accumulation in
; " brain, implying an association between protein kinase C and the adenylate cyclase system in the
"
&) regulation of receptor-mediated responses.
-
A
ACKNOWLEDGMENTS
We thank Mr. Jetfery Langston for his excellent technical assistance. This work was
g supported in part by a Biomedical Research Support Grant from the University of Texas Medical
}'- School (S.8.), by a U.S.P.H.S. Research Scientist Development Award (MH-00501) to S.J.E. and
- by a U.S. Air Force contract.
REFERENCES
x 1. Gilman, A.G. (1984) Cell 36:577-579. . -
2. Karbon, E.W., Duman, R.S. and Enna, S.J. (1984) Brain Res. 306:327-332.
3. Karbon, E.W. and Enna, S.J. (1985) Mol. Pharmacol. 27:53-58.
~ 4. Duman, R.S., Karbon, E.W,, Harrington, C. and Enna, S.J. (1986) J. Neurochem., in press. SR . )
5. Schwabe, U. and Daly, J.W. (1977) J. Pharmacol. Expt. Therap. 202:134-143. MR SR
6. Berridge, M.J. (1984) Biochem. J. 220:345-360. ' -
' 7. Nishizuka, Y. (1984) Nature 308:693-698.
-\.‘I 8. Bell, D., Buxton, L.L.O. and Brunton, L.L. (1985) J. Biol. Chem. 260:2625-2628. .-
"y 9. Hollingsworth, E.B., Sears, E.B. and Daly, E.W. (1985) FEBS Lett. 184:338-342. T
P 10. Karbon, E.W., Shenolikar, S. and Enna, S.J. (1986) J. Neurochem., in press.
-, 11. Sugden, F., Vanecek, J., Kiein, D.C., Thomas, T.P. and Angerson, W.B. (1985) Nature
'\ 314:359-361.
12. Shimizu, H., Daly, J.W. and Creveling, C.R. (1969) J. Neurochem. 16:1609-1619.
- 13. Salomon, Y., Londos. C. and Rodbell, M. (1974) Anal. Biochem. 58:541-548.
R~ 14. Parker, P.J., Stabel, S. and Waterfield, M.D. {(1984) EMBO J. 3:953-959.
=", 15. Seamon, K.B., Padgett. W. and Daly, J.W. (1981) Proc. Natl. Acad. Sci. (USA) 78:3363-3367.
N 16. Green, D.A. and Clark, R.B. (1982) J. Cyc. Nucl. Res. 8:337-346.
_.: 17. Labarca, R., Janowsky, A., Patel, J. and Paul, S.M. (1984) Biochem. Biophys. Res. Comm.
- 123:703-708.
) 18. Wickeremasinghe, R.G., Piga, A., Campana, D., Yaxley, J.C. and Hoffbrand, A.V. (1985) FEBS
] Lett. 190:50-54.

19. Rodriguez-Pena. A. and Rozengurt, E. (1984) Biochem. Biophys. Res. Comm. 120:1053-1059.

20. Fabbro, D., Regazzi, R., Costa, S.D., Borner, C. and Eppenberger, U. (1586} Biochem.
Biophys. Res. Comm, 135:65-73.

21. Colling, M.K.L. and Rozengunt, E. (1982) J. Cell. Physiol. 112:42-50.

22. Jaken, S., Tashjian A.H. and Blumberg, P.M. (1981) Cancer Res. 41:2175-2181.

23. Niedel, J.E.. Kuhn, L.J. and Vandenbark, G.R. (1983) Proc. Natl. Acad. Sci. (USA) 80:36-40. ‘

24, Tapiey, P.M. and Murray, A.W. (1985) Eur. J. Biochem. 151:419-423.

25, Baliester, R. and Rosen, O.M. (1985) J. Biol. Chem. 260:15814-15188.

258

P S W e TS T I e P Y
o -{',‘f.‘#,'.r._a,‘.r‘.r P4

)

. e
o .-_:.'-._f\.. o

LT LSS SRR SCP NP SN s TR AR Mt
P g It A S R SR NT) IR s SR R S Y e Y I B N
PIERICHN "‘.A.fa.{aﬁfa‘.'. PR SES AV

SRR

L g]
t:::ﬁh

S I
:"‘_)'-“‘_Ikl

ATk

¥
*

WX
sty TS

T

X
P4

b

‘4

e T
e 0 ' Ty

~‘.
4
RIS

Py
e

'1.
R R

~

DY |

P e g
"v,*._,

’, 1
P

£

g

»
.
al)
3

ﬂ’l.‘: .
2

{72

A 4
.

R R AS
b dLy
2l

Ly
]

.,
P

¥

o]

20

ey
¥ ®

3

b

LSLARL LS :,:_

IO Nt

o

“y
x

S
AR

-3 > ey
7 4
. 1 ? ;5;';”; Fav



TR T TR TR TN T T T T WW‘YWWW"U*““WWWW“WY‘!"r-\v'wT\'vv\ﬂT).

’
“€Urophammcology, in press

THIP, A GABA AGONIST, ATTENUATES ANTINOCICEPTION IN THE MOUSE

BY MODIFYING CENTRAL CHOLINERGIC TRANSMISSION

*
Stevin H, Zorn and S. J. Enna

Departments of Pharmacology and of Neurobiology and Anatomy
The University of Texas Medical School at Houston

P, O. Box 20708, Houston, Texas 77025

Running Title: THIP blocks GABA analgesia

* Present address: Nova Pharmaceutical Corporation, 5210 Eastern
Avenue, Baltimore, Maryland 21224, To whom reprint requests
should be addressed.




ABSTRACT
Summary - The effect of THIP, a direct-acting GABA receptor
agonist, on the antinociceptive response to a variety of agents
was examined using the mouse tail-immersion assay. THIP alone
produced an antinociceptive response at lower doses (5 mg/kg)
but was ineffective at doses exceeding 10 mg/kg. Treatment with
THIP (15 mg/kg) was found to block the antinociceptive response
to a GABA uptake inhibitor, an inhibitor of GABA transaminase, a
direct-acting GABA receptor agonist and to a cholinesterase
inhibitor. In contrast, THIP had no effect on the
antinociceptive responses to morphine, clonidine or oxotremorine.
The results indicate that higher doses of THIP reduce cholinergic
activity in a pathway important for mediating the antinociceptive

action of GABAergic drugs and physostigmine,.
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‘iv Compounds that facilitate y-aminobutyric acid (GABA) ?
’.{ neurotransmission are known to induce antinociception in
Ei? laboratory animals and analgesia in man (Kjaer and Nielson, 1983;
Eﬁ; Lindeburg, Folsgard, Silleson, Jacobsen, Kehlet, 1983; Sawynok,
~i2 1984; Vaught, Pelley, Costa, Setler, and Enna, 1985; Zorn and
x Enna, 1985a). This action is shared by THIP  (4,5,6,7-
'qg. tetrahydroisoxazolo (5,4-c) pyridin-3-o0l) and baclofen ( B-p-
;_ chorophenyl-GABA), direct-acting GABA receptor agonists
E;E (Christensen and Larsen, 1982; Hill, Maurer, Buescher, Roemer,
- 1981; Levy and Proudfit, 1977; Vaught, et al., 1985),
 .f as well as by substances that indirectly augment GABAergic
iii transmission by inhibiting the catabolism ( yY-acetylenic GABA) or
i?i re-uptake (SKF 100330A) of this amino acid (Bucket, 1980; Sawynok
- and Dickson, 1983; Zorn and Enna, 1985a). Studies have suggested
"?E that GABAergic-induced antinociception is mediated by an action
;€§ at supraspinal sites and is secondary to the activation or
i) disinhibition of central cholinergic pathways (Kendall, Browner,
gﬁg and Enna, 1982; Levy and Proudfit, 1979; Liebman and Pastor,
%3% 1980; Proudfit and Levy, 1978; Retz and Holaday, 1984; Reyes-
i;' Vazguez, Enna, and Dafny, 1986; Zorn and Enna, 1985a&b). While
:;EE GABAergic drugs are active in tests predictive of opiate-like
’Sa analgesia, their antinociceptive action 1is not blocked by
: naloxone (Hill et al., 198l; Kendall, et al., 1982; Levy and
fé Proudfit, 1979; Sawynok and LaBella, 1984; Vaught et al., 1985;
'i: Zorn and Enna, 1985a), whereas centrally-active muscarinic
’t receptor antagonists are effective in this regard (Kendall et
iii al., 1982; vVaught et al., 1985; Zorn and Enna, 1985a). Although
E*% these GABAergic agents are sedating, data indicate that the
(Y
= 3
R R s s e R s




antinociceptive action is unrelated to central nervous system

depression (Kendall et al., 1982; Levy and Proudfit, 1977; Zorn
and Enna, 1985a).

Unlike other GABAergic drugs, the antinociceptive response
to THIP displays a bell-shaped dose-response curve (Kendall et
al., 1982; 2Zorn and Enna, 1985b), producing a significant
antinociceptive response at lower doses , but having no effect at
doses exceeding 10 mg/kg (Kendall et al., 1982; Zorn and Enna,
1985b). This suggests that higher doses of THIP have an effect
that counteracts its own antinociceptive action. The present
study was undertaken to examine this property by studying the
interaction of THIP with a variety of antinociceptive agents.
The results indicate that THIP is capable of attenuating the
antinociceptive response to other GABAergic drugs and to
physostigmine, suggesting that at higher doses it may reduce
central cholinergic activity in pathways important for mediating
the action of these substances.

METHODS
Animals

Male albino CF-1 mice (30-35g, Charles River, Wilmington,

MA) were housed on a 12 hr light/dark cycle with access to food

and water ad libitum. Except for baclofen, which was dissolved

in 0.05 M HC1l, the drugs were dissolved and administered (5 ul/g,

ol A
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E$g~ i.p.) in distilled water. Control animals received an eguivalent

o

o s}

. . . . A

N volume of vehicle. 1In some experiments the animals were injected
-

with THIP (5-20 wmg/kg) in combination with SKF 100330A (30
ng/kg), baclofen (20 mg/kg), vy-acetylenic GABA (GAG) (150

Ny mg/kg), morphine (15 mg/kg), clonidine (1.5 mg/kg), physostigmine
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(0.4 mg/kg), oxotrémorine (0.05 - 0.1 mg/kg)or bicuculline (1.0
mg/kg) . In these cases the drugs were administered to allow for
measurement of the antinociceptive response at a time when both
agents are known to produce maximal effects (Vaught et al, 1985;
Zorn and Enna, 1985 a&b; Zorn and Enna, 1985b). GAG, baclofen or
bicuculline were injected 90, 30 or 5 min prior to THIP,
respectively, and nociception measured 30 min later. Clonidine,
SKF 100330A, and physostigmine were administered 15 min after
THIP, with nociception tested 15 min later. In one group of
experiments, bicuculline was injected 10 min after SKF 100330A
(25 min after THIP) and nociception tested 5 min later. Morphine
and oxotremorine were administered concurrently with THIP, 30 min
prior to analysis.

Antinociceptive activity was measured using the tail-
immersion assay (Zorn and Enna, 1985a&b). Each animal was
restrained in a specially designed plastic holder to allow free
movement of the tail, the distal portion (1-2 cm) of which was
immersed into a 50 + 0.259C water bath, Nociception was
guantified by measuring the time elapsing between immersion and
an attempt by the animal to remove the tail from the water bath.
A maximum antinociceptive response was arbitarily defined as a
failure to withdraw the tail within 30 sec, Each animal was
tested prior to drug administration to establish the control
response time. Animals receiving only vehicle responded no
differently from those subseguently used for drug treatment. All
data are expressed as a % of the control response. Data were

evaluated by an ANOVA and a lowest significant difference (LSD)
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analysis, or by a Student's t-test. Differences were considered
statistically significant when P < 0.05.

The following drugs were generously donated: THIP, V.
Christensen, H. Lundbeck and Co., Copenhagen, Denmark; baclofen,
CIBA-GEIGY, Summit, N.J.; SKF 100330A, Dr. W. E. Bondinell,
Smith, Kline and French Laboratories, Philadelphia, PA; and vy -
acetylenic GABA, Merrill International, Strasbourg, France,
Oxotremorine, clonidine, physostigmine and bicuculline were
purchased from Sigma Chemical Co., St. Louis, MO., and morphine

sulphate from Penick Corporation, Garden City, NJ.

RESULTS

At 5 mg/kg, THIP alone increased the response latency in the
mouse tail-immersion assay approximately 90%, whereas at higher
doses (10 and 15 mg/kg) an antinociceptive response was no longer
detectable (Fig. 1). Identical data were obtained with animals
pretreated with bicuculline (1 mg/kg) 5 min prior to THIP (data
not shown). The GABA uptake inhibitor SKF 100330A (30 mg/kg) was
more efficacious than THIP, ¢tripling the latency to response in
the tail-immersion assay (Fig. 1). When mice received THIP (5
mg/kg) 15 min prior to the SKF compound, there was a significant

reduction in the antinociceptive response to the uptake

inhititor, with the latency being similar to that found with this
dose of THIP alone, Moreover, prior administration of a higher
dose (15 mg/kg) of THIP completely abolished the antinociceptive
E! response to the SKF compound (Fig. 1), an effect that was not
influenced by injecting the animals with bicuculline either 5

o) min prior to THIP or 5 min prior to measurement of the




antinociceptive response (data not shown).

The higher dose of THIP also blocked the antinociceptive

response to baclofen, and substantially reduced that associated

with GAG (Fig 2). In addition, THIP pretreatment reduced the

antinociceptive response to physostigmine, a cholinesterase

inhibitor (Fig 3). Thus, when THIP (15 mg/kg) was administered

15 min prior to a dose (0.4 mg/kg) of physostigmine that by

itself increased the response latency some 5-fold, it completely

prevented the antinociceptive effect produced by this compound.

In contrast, THIP did not influence the antinociceptive action of

oxotremorine, a direct-acting muscarinic receptor agonist (Fig

3), nor did it modify the responses to morphine or clonidine

(data not shown). Negative data were obtained with both maximal

and submaximal doses of oxotremorine,

A dose-response study revealed that THIP blocked the

antinociceptive response to physostigmine over a very narrow

range (Fig 4). Whereas no significant inhibition was noted at a

10 mg/kg dose of THIP, the blockade was maximal at 12.5 mg/kg and

above (Fig. 4).

DISCUSSION

The major finding of this study 1is that THIP blocks

antinociceptive responses produced by GABAergic drugs and

physostigmine, This discovery was somewhat surprising since THIP

itself 1is known to be an antinociceptive agent (Christensen and

.
.

Larsen, 1982; Hill et al, 1981). However, as reported previously,
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lower doses, it is inactive when administered at doses greater
than 10mg/kg (Kendall et al, 1982; Zorn and Enna, 1985b). These
data suggest that the higher doses of THIP reduce the nociceptive
threshold in the mouse tail-immersion assay, or that THIP is
capable of reversing its own action. The effect of THIP on
morphine- and c¢lonidine- induced antinociception was studied to
test the former possibility. Inasmuch as THIP was unable to
reduce the antinociceptive responses to these agents, it would

appear that a generalized effect on nociceptive threshold cannot
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explain 1its action at higher doses, Moreover, although THIP,
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like other GABAergic drugs, depresses central nervous system
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function (Christensen, Svendsen, and Krogsgaard-Larsen, 1982), it

Ly
D

has been shown previously that this cannot account for the

antinociceptive response to these agents (Kendall et al, 1982).
This 1is confirmed in the present study by the finding that doses

of THIP (10-20 mg/kg) causing overt signs of sedation failed to

modify the nociceptive threshold in the tail-immersion assay.
Given the negative findings with respect to a generalized

effect on nociception, experiments were undertaken to examine

[ 3]
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Karbon, Duman, and Enna, 1984), GAG, a GABA transaminase

. Q

whether THIP selectivly modifies the antinociceptive response to
other GABAergic drugs. At the highest dose tested (15 mg/kag),
THIP completely blocked the antinociceptive action of baclofen, a

et selective GABAg receptor agonist (Hill and Bowery, 1981;

e ’e
2a'ae
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;ﬁ: inhibitor (Buckett, 1980), and SKF 100330A, a GABA uptake

inhibitor (Ali, Bondinell, Dandridge, Frazee, Garvey, Girard,
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Zarevics, and Setlér, 1984; Zorn and Enna, 1985a). Pretreatment
with an antinociceptive dose (5 mg/kg) of THIP reduced the
response to the uptake inhibitor to that found with THIP alone.
This suggests that THIP may be acting as a partial agonist at
those GABA receptors mediating the antinociceptive response.
Indeed, biochemical studies have indicated that THIP may be a
partial agonist for the GABA/benzodiazepine receptor complex
(Braestrup and Squires, 1977; Falch and Krogsgaard-Larsen, 1982;
Hosli, Krogsgaard-Larsen and Hosli, 1985; Karobath and Lippitsch,
1979). However, a partial agonist action cannot totally explain
the present findings since, at higher doses, THIP abolished its
own antinociceptive response, as well as that induced by other
GABAergic drugs.

It 1is conceivable that the inhibitory action of THIP on
GABAergic-induced antinociception may in part be secondary to an
influence on some pathway or system distal to the GABAergic
neurons that regulate nociception. Since the central
cholinergic system is known to play a crucial role in mediating
the antinociceptive response to GABAergic drugs (Kendall et al,
1982; Vaught et al, 1985; 2Zorn and Enna, 1985a), the effect of
THIP on the antinociceptive responses to two types of
cholinomimetics was tested. The finding that THIP abolished the
antinociceptive response to physostigmine, a cholinesterase
inhibitor, suggests that it reduces cholinergic activity in a
svstem capable of mediating antinociceptive responses. However,
the fact that THIP failed to block the antinociceptive action of

oxotremorine, a direct-acting muscarinic receptor agonist,
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- -
;E indicates that THIP does rot act at the level of the muscarinic ié
:. receptor. This accords with earlier studies indicating that THIP é:
3 has no appreciable affinity for muscarinic binding sites in brain SS
:i (RKendall et al, 1982). Since physostigmine prolongs the ac*_.oun .zi
xi of acetylcholine by inhibiting 1its hydrolysis, the findings %f
'E suggest that, at higher doses, THIP may reduce the release of ?;
ﬁ- this neurotransmitter substance. 1Indeed, jn vitro studies have ~3
- suggested that THIP inhibits the electrically-induced release of E?
?; acetylcholine from rat brain slices (Supavilai and Karobath, .5
35 1985). Such. an effect could explain why the antinociceptive ?5
.; efficacy of THIP is less than for other GABAergic agents since it §§
E has opposing actions on cholinergic transmission. Whereas at L

‘f lower doses THIP is capable of enhancing cholinergic activity to
yield an antinociceptive response (Kendall et al, 1982), at

higher doses the inhibitory action on cholinergic transmission
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~ may predominate, attenuating its own antinociceptive action as

. l‘,

-t yti:
!,,.x“‘.'

well as the response of agents requiring the involvement of this

é cholinergic pathway. ;;
1% Although it has been proposed that THIP is a direct-acting &E
i agonist at GABA receptors (Christensen et al, 1982), recent i;
- studies suggest that it may be selective for a subpopulation of ;;
1 S
i; these sites (Falch and Krogsgaard-Larsen, 1982; Hosli .t eal, if
; 1985). 1Indeed, the 1inability of bicuculline to modify either i;
Ei the antinociceptive response to THIP or its bility to antagonize :ﬁ
EE the action of GSKF 100330A would seem to confirm that these j;
:) actions of THIP are unrelated ¢to bicuculline~sensitive GABA éé
E. receptors, However, given the necessity of using subconvualsant iﬁ
EE doses c¢f bicuculline to test this hypothesis, it remains possible ig
o .
. 10 =
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that the amount of antagonist administered was insufficient for
blocking the action of THIP (Vaught et al., 1985). Thus it is
impossible to conclude whether either of these actions of THIP is
mediated by bicuculline-sensitive sites. Nevertheless, the
present findings suggest that at least some THIP-sensitive GABA
receptors may be located on central cholinergic neurons. These
results also support the notion of functionally distinct GABA
receptor systems, and provide further information with regard to

the antinociceptive properties of GABAergic drugs.
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Fig. 1

Fig., 2

Fig. 3

FIGURE LEGENDS

Effect of THIP on the antinociceptive action of SKF

100330A, a GABA uptake inhibitor. Antinociceptive

responses were quantified by the tail-immersion assay 30
min after the administration of THIP (5 or 15 mg/kg) or
15 min after SKF 100330A (30 mg/kg). Animals receiving
both THIP and SKF 100330A were injected with THIP 15 min
prior to the SKF compound, with nociception assessed 15
min later. The height of each bar represents the mean §
of control reaction time * S.E.M. of 7-30 animals. The

doses (mg/kg) for THIP are indicated in brackets.

* P £ 0.05 compared to THIP alone (ANOVA, LSD

analysis).

Effect of THIP (15 mg/kg) on the antinociceptive
responses to baclofen and y-acetylenic-GABA (GAG) .
Antinociception was assessed using a tail-immersion
procedure 60 or 120 min after the administration of
baclofen or GAG, respectively. For combined studies,
THIP was injected either 30 (baclofen) or 90 (GAG) min
after these drugs and nociception gquantified 30 min
later. The height of the bars represents the mean % of
control reaction time + S.E.M. of 7-8 animals.

* P £ 0.05 (Student's t-test).

Effect of THIP on the antinociceptive response to

oxotremorine (0X0) and physostigmine (PHY) .

Nociception was examined 30 min after OXO and 15 min
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after PHY by the tail-immersion assay. In combination

experiments the animals were injected with THIP (15
mg/kg) 15 min prior to PHY or concurrently with 0XO.
Each bar represents to mean % of control reaction time
+ S.E.M. of 7-14 animals.

* P £ 0.05 compared to corresponding control (Student's
t-test).
Dose-response characteristics of THIP on the
antinociceptive action of physostigmine (0.4 mg/kg) in
the mouse tail-immersion assay. THIP was administered
15 min prior to physostigmine and nociception quantified
15 min later. Each point represents the mean §% of
control reaction time + S.E.M. of 6 animals,

* P £ 0.05 compared to control (Student's t-test).
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A number of amino acids are considered neurotransmitter A

e w
. e -_‘:_\_'I

candidates (34), Those receiving the most intense scrutiny have

.
e a2 s a_a

been glutamic and aspartic acids, compounds that induce excita-

tory responses in the mammalian central nervous system, as well
as Y-aminobutyriec acid (GABA) and glycine, which are classified
as inhibitory neurotransmitters. The majority of information
relating to amino acid nmeurotransmitters has derived from studies
with GABA since more is known about its synthesis, metabolism,
and pharmacological characteristics. Thus, investigators have at
their disposal agents that inhibit GABA degradation and re-
uptake, as well as direct-acting GABA receptor agonists and
antagonists (35,43), These tools have made it possible to char-

acterize more fully the properties of GABAergic synapses as

v

compared to other amino acid substances.
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Interest in GABA has also been stimulated by suggestions

»
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that this transmitter system may be affected in a variety of

central ner-ojus system disorders such as Huntington's Disease,

P
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epilepsy and Parkinson's Disease (59,81,89), Moreover, manipula-~

-

*

(V< tion of GABAergic transmission may have a beneficial effect 1in
Y
- . .
S the treatment of anxiety and depression and it has been hypothe-
o
Cd
e
ﬂa sized that GABAergic drugs may be useful in the wmanagement of
oo schizophrenia (90).
\f Given these findings, the GABAergi system is considered a
o
o prime target for new psychotherapeutic agents. However, the
E extensive distribution of GABA in the =wmammalian brain and
M
:ﬁ spinal cord (453) has hincdered the development of GABAergic
%
o drugs since they tend
{
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: to have a generalized effect on central nervous system function.
A
- Accordingly, to develop more selective agents it is necessary to
ij identify <differences among the various GABAergic synapses in
2 brain, such as pharmacologically and functionally distinct GABA
1
, receptors . This approach has met with some success in that two
5 distinct GABA receptors have now been proposed (10,36). These
\i
~ sites, designated GABA and GABA , differ with regard to their
A B
substrate specificity, ionic characteristics, and biochemical
)
N
[.> properties, One of the more important distinctions is that the
Y
‘o
}: GABA receptor 1is associated with the neuronal membrane recog-
; A
x nition site for benzodiazepines, a discovery that has provided
- new insights into the mechanism of action of this drug «class
. (108), Although less is known about GABA receptors, data
B
P suggest they serve to modulate receptor function for other neuro-
j_ transmitters (65). The aim of the present report is to sum-
.
:: marize <current <concepts relating to the pharmacological and
- functional ©properties of GABA receptor sites and their relation-
)
. ship to benzodiazepines. Particular emphasis 1is placed on
E¥ «
| ]
ﬁ evaluating these data from the perspective of psychopharmacology.
ks
it Readers desiring a more detailed discussion of imdividual topics
[L"
by are wurged to consult any of a number of monographs and reviews :;$'
I
(26,37,39,41,47,108). kgﬁ
ey
L f n-‘ i.‘
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- S
- GABA RECEPTORS RO
" . A .:..
- The initial data suggesting a neurotransmitter role for GARA :ﬁu
- in mammalian systems was derived from electrophysicological stu- AR,
. W
- o
:- dies (30), These findirgs indicated that GABA causes a hyperpo- .Hg
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larizing response in virtually all neuronal cells when applied at
sufficient <concentrations, Because of this apparent lack of

selectivity, early investigators were reluctant to assign a

neurotransmitter role for GABA, This attitude changed with the
discovery of agents (bicuculline and picrotoxin) capable of
inhibiting selectively the hyperpolarizing response to GABA

(28). The finding that both of these compounds are rather potent

convulsants confirmed the suggestion that GABA serves as an in-
hibitory transmitter substance.

Electrophysiological studies also revealed that the hyperpo-

larizing response to GABA is due to an increase in chloride

conductance (29,103). Since for most neurons the
extracellular <concentration of <chloride exceeds that in the
cytoplasm, GABA receptor activation facilitates the

A

entry of this anion, increasing the firing threshold of the cell.

During the past decade ligand binding assays have mwmade it
possible to obtain a moredetailed knowledge of the biochemical and
pharmacological properties of GABA receptors (40), These inves-
tigations have indicated that GAgA receptor binding sites are
located in virtually all regions ofAthe central nervous system,
from the retina to the spinal cord. Ligand binding data have
also revealed that the brain contains g8 number of kinetically
distinct GABA receptors (44,46), While it was initially be-
lieved that éhe site possessing the highest affinity for GABA
normally mediates the response to this transmitter, more recent
studies have suggested that a lower affinity receptor may be most

closely associated with the effector svstem (3,17 ,66,103). These

initial electrophysiclogical and biochemical studies demonstrated
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2
ffés that the GABA receptor consists of at least two basic compo-
ffﬁ nents: the GABAA receptor recognition site and an associated ion
tki channel (FigureAl).

f&: A number of substances have been found to selectively

‘;; influence the GABAA receptor components (Figure 1). Direct~

?}i acting agonists for the GABA recognition site include nuscimol,

K.
;?% TRIP (4,5,6,7-tetrahydro?soxazolo[5,4-c]pyridine-3-ol), and

-

Ly isoguvacine (69). Competitive antagonists for this site are

fﬁ' bicuculline, securinine, and SR-95103 (2-[carboxy-3'-propyl]}-3-

ng amino-4-methyl-6-phenylpyridazinium) (6,20,44). In general,

;: GABAA receptor agonists are central nervous system depressants,

'ﬁ% muscle relaxants, and possess some antinociceptive properties,

o

is whereas the receptor antagonists are convulsants (38).
;w$ Drugs have alsc been found that directly modify the

';ﬁ functioning of the chloride ion channel (Figure 1). Included in }:
ES this group are picrotoxin, TBPS (gg;&-bu;ylbicyc1ophosphorothio— %
o nate) , and TBOB (4-tert-butyl-l-[b-cyanophenyl]- E
ﬁ; bicycloorthocarboxylate) (19,99,105). Selective binding sites for iﬁ
Eé these chloride channel agents have been described using radiola- iﬁ
i;? beled derivatives. All three appear to bind to the same site }j
%ﬁ and, wunder the proper conditions, all can influence the binding g%
S% of GABAA receptor agonists, indicating an allosteric relationship ii
N between the <chloride <channel and recognition site components Sq

(87,97). Inasmuch as these substances are convulsants, they are

considered chloride channel blockers.

A variety of —centrally-active drugs influence ligand
" . C . C ; }
L attachment to the chloride channel binding site, including seda- e
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tive-hypnotics, anticonvulsants and some non-benzodiazepine an-

xiolytics (61,106), While none of these agents competitively

interact with the picrotoxin site, their binding component seens

to be more intimately associated with the chloride channel than

with the GABA receptor recognition site. Such findings indicate
A

that GABA receptor functionm can be pharmacologically manipulated
A

in a variety of ways.,

THE BENZODIAZEPINE RECOGNITION SITE

A major advance in understanding the mechanism of action of
anxiolytics was the discovery of benzodiazepine binding sites in
the mammalian central nervous system (77,98), Evidence that
these sites mediate the responses to this drug class was provided
by the finding that the relative affinities o0f benzodiazepires
for this site paralleled their relative potencies in behavioral
tests predictive of amxiolytic and anticonvulsant activity
(12,78)., A direct association between the benzodiazepine binding
component and GABA receptors was suggested from biochemical
experiments showing ?hat activation of the GABA recognition site
enhances the affinity of benzodiazepines re:eptors in brain
(25,66,102)., Autoradiographic studies have confirmed this affi-
liation by demonstrating that benzodiazepine binding sites are
generally found in close proximity to GABAerzic synapses (79,80},

These data confirm earlier electrophysiological resuits indi

o
(%)
L}

ting that the benzodiazepines enhance GABAergic transmission f

23,51,54,56,73,100). O0f particular importance was the discovery

that most, if not all, benzodiazepine binding sites are assc-

ciated with GABA receptors (79,94), However, additicnal GAEA
A A
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receptor sites appear to exist which are devoid of a benzodiaze-
pine component (107); it is unknown whether these sites are

located synaptically. The effects of benzodiazepines <contrast g

with the barbiturates which enhance GABAergic transmission by .-

acting at <chloride channels as well as depressing excitatory [ ¥
transmission thereby eXxerting & more generalized effect on ner- f{

vous system function (54,83,106), o

Electrophysiological studies have revealed that the benzo-
diazepines increase the probability of opening of chloride chan-
nels in response to GABA (100), on action which may account for

the pharamcological and therapeutic actions of these drugs

(2,55). The dose~response curve for the GABA-induced change 1in

chloride <conductance is shifted to the 1left in the presence of b

.
el
e

4
.
N

benzodiazepines, with no change in the maximal respomnse (23), !!

This indicates that benzodiazepines enhance GABA receptor e

A S

function omnly at synapses where the GABA concentration is insuf- .

. . . N . L" .
ficient to open all available chloride <channels, but do not »

~r

promote receptor function beyond that which can be obtained with e

: : : : : Al

GABA itself. This may explain why the benzodiazepines have a R

Xt

!
I3

rmore favorable therapeutic index as compared to other —central

~
nervous svstem depressants which, at high doses, may depress o
neuronal function beyond the normal range. e
. : : : : zat
When <considering a gereral mechanism of action of benzodia- ®-
—_—
zepines it is important to recall that unless the receptor is e
.\ 0

activated by CABA the benzodiazepines are ireffective -
. . . x !
(23,54,56). This suggests that benzodiazepines enhance GaBA [ ]
A DL
. . . Iy ‘-..
receptor function only at GABAergilc svynapses while haviag no ,f;
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4
influence on extrasynaptic GABA sites. This may explain the ig
more selective actions of theAbenzodiazepines as compared to ;
drugs acting directly at the GABA recognition site since the E
latter may stimulate or inhibit GABA sites regardless of their E
neuroanatomical location. * : ?1

Three types of benzodiazepine receptor ligands have been y
identified (Figure 1), Agents such as diazepam, chlorodiazepo- ;
xide, and flunitrazepam are classified as benzodiazepine receptor B
agonists since they enhance GABA receptor function, Also in- 2
cluded in this group are non-beniodiazepine tranquilizers (53) ;
such as certain triazolopyridazines, e.g. CL 218872 (71), cyclo- %
pyrrolones, e.g. zopiclone (7), phenylquinolinones, e.g. PK 8165 i

N
(70), pyrazoloquinolinones, e.g. CGS 9896 (112), and some 8- ?
carbolines, e.g. 2K 93423 (72), Other substances, such as B - ‘
carboline <carboxylate ethyl ester, produce effects opposite to £‘
those found with the benzodiazepine receptor agoniéts (14,15,88), =
and are therefore referred to as inverse agonists. Binding stu- B
dies indicate that agonists and inverse agonists attach to the :t
same or overlapping sites on the benzodiazepine binding component ;i
(75). This was also demonstrated by the discovery of a third E
class of ligand, benzodiazepine receptor antagonists ?;
(5,50,52,60,75), These are represented by RO 15-1788, an imida- E
zobernzodiazepinone (60)., RO 15-1788 is largely devoid of pharma- ;‘
cological effects but competitively interacts at the benzodiaze- ;ﬁ
pine binding site to block the actions of either the receptor :
agonists or inverse agonists. Thus these three types of ligands i
affect GABA-dependent gating of the chloride channel with posi- .i

tive, negative, or zero intrinsic efficacy., Compounds have re- A




cently been synthesized which possess both agonist and antago-
nist properties, Such partial agonists may be even safer and
more selective as anxiolytic drugs.

Phylogenetic studies reveal that benzodiazepine binding
sites are present in vetebrate but not invertebrate species,
suggesting a late evolutionary appearance (85). This indicates
an important physiological role for the receptor and points to
the possibility of an endogenous ligand for this site. Clearly,
the identification of such a compound would provide important
information with regard to the biological mechanisms regulating
anxiety, seizure threshold and sleep. While numerous investiga-
tors have attempted to isolate such a substance, no compound 1is
as yet universslly accepted as the endogenous benzodiazepine
receptor ligand. Interest is presently focused on a peptide,
diazepam binding inhibitor (DBI), which has been extracted from

brain and has properties similar to those of inverse agonists

(1,24,49). DBI has an affinity constant of 1 UM for the benzo-

diazepine binding site. Since DBI is present in only some GABA
neurons it mwmay serve as a ligand for only a select group of
benzodiazepine receptors. Moreover, DBI is found in non-
GABAergic mneurons, suggesting that it may also serve some
function unrelated to the benzcdiazepine site (1),

While the identification of a specific binding site for
berzodiazepines strongly suggests the presence of an endogenous
ligand, it does not prove 1its existence. Attempts to demcon-

strate the physioleogical effects of an endogenous ligand

inhibiting its receptor interaction with the benzodiazepine anta-
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gonist RO 15-1788 have been inconclusive thus far,

Studies have uncovered a variety of benzodiazepine agonists
which differ in their pharmacological profiles (53), Some pos-
sible explanations for these differences include the presence of
benzodiazepine receptor subclasses, only some of which mediate
anxiolytic actions while others are important for sedative and
muscle relaxant effects (62,68,74). However, there is no direct
evidence supporting the existence of molecularly distinct benzo-
diszepine receptors, making it conceivable that the heterogeneity
suggested from binding studies reflects different <conformations
of a single benzodiazepine site (57,80), On the other hand,
differences in pharmatological profiles may be due to variations
in intrinsic efficacy and in the extent of receptor reserve among
neurons (551 For example, it is possible that neuroms associated
with anxiety or epileptic activity have a higher receptor reserve
than those controlling alertness or muscle tone. Full agonists

would produce a maximal affect when all receptors are activated

on cells having no receptor reserve, whereas partial agonists :
‘1
4
would display only limited activity. In contrast, partial ago- e
nists may yield a maximal response in those cells possessing a S
. s r
significant amount of receptor reserve, :
]
‘ a
Although many questions remain about the molecular structure 9
L}
-
of the GABA receptor complex, there is sufficient information to N
prcpose a working wmodel (Figure 2). Receptor purification iy
experiments indicate that the GABA /benzodiazepine moiety is a <,
A v
g.vccprstlelin containing two subunits, with the a-subunit having 5
K
a rolecular weight of 50 kd and the 2 -subunit S5 kd. A {
A
tetrazeric 4! : arrangement is suggested by comparing the mole- X
:
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cular weights of the subunits with the native receptor
(76,80,95,96). The ° a/8 structure accomodates not only the
binding sites for GABA and benzodiazepines, but also the TBPS
binding site (96) which is associated with the chloride channel
(99) (Figure 1). Electrophysiological studies suggest the
presence of two GABA recognition sites for each GABA receptor-—
associated chloride channel (91), y

Little 1is known about the precise location of the wvarious
ligand binding sites on the GABA receptor domain. Photoaffinity
labeling suggests that the bindi:g sites for the benzodiazepines
and GABA are present on the a-subunit, although they may also be
located on the B8-subunit in a state that is not genmerally la-
beled (76,95). The exact location of the binding sites for
barbiturates and picrotoxinmn is unknown. It is conceivable that
these may be present on subunit interfaces.

While the present model is consistent with the majority of
experimental data, recent findings indicate that its design will
have to be modified., PFor instance, it appears that an additional
protein is present in certain ©purified receptor ©preparations
(93). Furthermore, the target size of the radiation-inactivated
TBPS binding site appears to be exceptiomally large as compared
to the size of the GABA/benzodiazepine complex (84), This might
be explained by the presence of an additional subunit of 62-80 kd
( Y-subunit) in the receptor complex (80). More precise informa-
tion on the structure, synthesis and assembly of the receptor
will be forthcoming with the isolation of GABA receptor genes,.

A
This development will also provide DNA probes to identify those
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cells which express GABA receptors.

The intimate associ:tion between the benzodiazepine binding
site and GABA receptors suggests that disorders such as epilep-
sy, anxiety, Aand insomnia might result from a deficit in GABA
receptor function, or in the activity of selected GABAergiﬁ
neurons, Indeed it has been suggested that GABAergic transmis-
sion 1is altered in the vicinity of epileptic foci, suggesting
that inhibitory influences may be insufficient to prevent the
generalized spread of paroxysmal discharges (16). It is also
possible that a defect in the GABAergic control of certain exci-
tatory stimuli might contribute to anxiety, an hypothesis
based on the finding that inverse agonists induce anxiety in
human subjects (31). As for insomnia, it has been found that
sleep latency is prolonged by the benzodiazepine inverse agonists
and is diminished by benzodizepine agonists, suggesting an in-
volvement of GABAergic systems in the etiology of some sleep

disorders. More definitive information with regard to these

issues may soon be obtained with positron emission tomography

using benzodiazepine ligands as the emitting isotopes
% 3 (33,92),
. ﬂ"
N
!'.rr_;}
o 4
O,
, GABA  RECEPTORS
Y B
g!! B-p-Chlorophenyl GABA (baclofen) was designed as a
o~
&}{ centrally-active GABA receptor agonist (8),. Rowever, the elec-
O
;bﬂ trophysiological response to baclofen is resistant to blockade by
L«
" bicuculline and picrotoxin, suggesting that its effects are me-
y;
J-
ﬁ%ﬁ diated by an action other than direct activation of GABA recep-
s A
’l . .
%t. tors (18). Recently it has be.-~ found that baclofen induces some
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responses that are mimicked by GABA, indicating that it may be a :ﬁr.

, selective agonist for a receptor subgroup (GABA receptors) that F{;?

E: are resistant to the <classical GABA recegtor antagonists iiij

¢ (11,65). * %

é Ligand binding assays suggest that the GABA binding site is

) B

associated with divalent cations, in particular calcium (41).

Functional assays indicate that the GABA site may be important
B

for regulating neurotransmitter release and may be associated

with second messenger production in brain (9,38,42,44)., Like the

GABA binding site, GABA receptors are widely distributed

A B
o throughout the central nervous system (63). Unlike GABA recep-
N A
tors, the GABA site is not associated with chloride ion channels
B
or benzodiazepines (9). A major hindrance to the <characteriza-

tion of GABA receptors is the absence of potent and selective
B .
antagonists for this site. Indeed, the existence of GABA recep-
B
tors will remain a matter of dispute until selective antagonists

are found.
One action attributed to GABA receptors is a regulatory

B
role with respect to second messenger responses in brain (Figure

- e

i 3) (58,65,64,110). Although neither baclofen nor GABA have any
direct effect on cyclic AMP production themselves, both agents
amplify the production of this second messenger when brain tissue
is exposed to a neurotransmitter that directly stimulates the
accuculation of this cyclic nucleotide. For example, a satura-
ting concentration of isoproterenol causes an 8-fold increase in
cyclic AMP production in rat brain cerebral cortical slices, In

the presence of baclofen or GABA, isoproterenol-stimulated cyclic

, - - T A O ST e
T R A R RV VA




AMP accumulation is over 20-fold higher than basal levels, indi-
cating that GABA receptor activation amplifies the second mes-
senger response 30 the B-adtenergic agonist, Similar results
were obtained when cyclic AMP production was activated by norepi-
nephrine, vasoactive intestinal peptide or adenosine (65).
Importantly, selective GABA receptor agonists such as isoguva-
cine and THIP are inactive ?n this regard, and the response to
baclofen is insemsitive to blockade by bicuclline or picrotoxin
(65,64). These findings suggest that the second messenger
response to baclofen is mediated by a GABA receptor distinct
from GABAA sites. Thus GABA, through an action at GABA recep-
tors, may Serve to modulate the receptor responses to anariety
of neurotransmitters in brain.

Experiments conducted to define the biochemical properties
of GABA, receptors indicate that the amplification phenomenon
is totally dependent upon the presence of extracellular calcium
ion (32,64), Moreover, it appears that stimulation of GABA
receptors may result in the activation of phospholipase A , 2

2
calcium-dependent enzyme that catalyzes the conversion of phos-

et
LU

pholipids to arachidonic acid (Figure 3). While arachidonic acid

is rapidly converted to prostaglandins and a variety cf hyvdrope-

)
‘.

v b ." ., .A' 'l.'.l

roxy derivatives, these metabolites do not seem to contribute to

the augmentating response (32). This suggests that arachidonate,

or some other fatty acid, may mediate the GABA receptor-induced
B
augmentation of cvclic AMP production, In this regard 1t 1S

interesting that arachidonic acid is capable of

activaticg C
kinase (82), an enzvme knowt to phosphorylate a variety cf{ iztra-

~ -

celluiar proteins. la platelets C kinase phesphorviates a GTP-
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binding protein (Gi) known to inhibit adenylate cyclase acti-
vity (67). Therefore it is conceivable that by stimulating the
formation of arachidonic acid, GABA receptor activation reduces

B
the influence of G, on adenylate cyclase, thereby enhancing the

i
responsiveness of the neurotransmitter receptor-coupled «c¢yclic
AMP generating system. This model must be <considered highly

speculative, however, until more direct evidence is provided

that phospholipase A is activated by GABA agonists and that G

i
2 B
is phosphorylated following exposure to baclofen.
The finding that GABA may act as a neuromodulator has signi-
ficant implicatioms with regard to psychotherapeutics. For

example, the monoamine theory of depression suggests that this
disorder is secondary to an alteration in brain noradrenergic and
serotonergic transmission (48)., Since the transmitters for
both systems are associated with cyclic AMP production in brain
it 1is conceivable that some forms of depression may be due to a
GABA receptor dysfunction that diminishes the responsiveness of
B
the norepinephrine and serotonin receptors. Im this case a GABA
B
agonist may be beneficial in the treatment of affective illness
either alone or in combination with standard wmedications., A

recent study has indicated that co-administration of baclcfen

with imipramine facilitates the appearance of a neurochemical re-

sporse thought to be related to the therapeutic efficacy of
antidepressants (&2).

Schizophrenia appears to be associated with excessive dopa-
minergiz tcne in critical areas of the brain (87), Inasmuch as

¢ne tvse cf dopacine receptor (D-1) is associated with adecviate




cyclase, it is conceivable that some symptoms of schizophrenia

may be due to enhanced GABA receptor activity. That 1is, an
B
overactive GABA receptor system may amplify dopaminergic respon-
B
ses even though dopamine turnover may be unaltered. This makes

it <conceivable that GABA receptor antagonists might have anti-
B

psychotic potential. While highly speculative, such theories are

consistent with the present information and serve to illustrate

why continued research on GABA receptors may lead to the develop~-

ment of novel therapeutic agents.

CONCLUSIONS

Early studies on the chemical nature of synaptic transmis-
sion concentrated on presynaptic events since there were few
biochemical methods for studying postsynaptic mechanisms., Re-
cause of this emphasis a great deal was learned sbout the actions
of drugs that influence the concentration or turnover of neuro-
transmitter substances. For example, psychopharamcological
agents were found to modify the storage (reserpine), release
(amphetamine), metabolism (pargyline), or reuptake (imipramine)
of monoamines. It has become possible in recent years to eXaumine
directly the interaction of drugs with svraptic receptor sites
(111), This has led to the discovery that some psycho=~active
drugs act by directly stimulting {lysergic acid diethylamide) or
inhibiting (haloperidol) transmitter receptors (4,27). Moreover,
it has been found that direct stimulation or inhibition of recep-
tor recognition sites are not the only ways to modify receptor
function (61,65,101), Thus it appears that transmitter receptors

are macromolecular complexes containing a family of interacting
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sites, each of which may be manipulated for therapeutic gain.

This concept developed in part as a consequence of
research on GABA receptors. One of the initial breakthroughs
came with the discovery that certain GABA receptor antagonists,
such as picrotoxin, selectively alter receptor function by acting
on a component other than the GABA recognition site. Of special
interest to psychopharmacologists was the discovery that benzo-
diazepines facilitate GABAergic transmission by attaching to a
receptor component physically distinct from the GABA binding
site. This demonstrated that by acting upon receptor components
separate from the recognition site drugs can exert subtle effects
on neurotranmsitter systems.

Work during the past decade has revealed that the benzodia-
zepine component of the GABA receptor has characteristics that

A
distinguish it from classical neurotransmitter receptor recogni-

':'-.

I SR

LR

tion sites, Thus, not only have substances been found that

[
-

activate (diazepam and chlorodiazopoxide) and inhibit (RO 15-

P

. (‘I./ E)

i
AR

v

1788) this site, but there are also agents evoking a response

SO s
s
«
€

]
L

totally opposite from diazepam (inverse agonists).

'~

i

The concept that neurotransmitter receptors may be subtly
manipulated by drugs was reinforced by the discovery that
GABA, through an action at GABA receptors, may act as a neuromo-

B
dulator rather than a neurotransmitter. In this case the GABA

B
binding site appears to be affiliated with neurotransmitter
receptors that are directly coupled to the cyclic AMP generating

system, Thus, receptor responses are a function not only of the

agount of transmitter released but also of receptor responsive-
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ness which appears to be wunder the <control of modulating
substances.

Such findings have implications with regard to defining the
biological abnormalities associated with mental illness. BRecause
it has been difficult to identify neurochemical 1lesions asso-
ciated with most psychiatric diseases, it appears that neuro-
transmitter synthesis, storage and release may not be dramati-
cally altered in these conditions. The discovery that receptor
activity wmay be continuously regulated by neuromodulators and
receptor site-associated comnorents make it conceivable that some
forms of mental illness are secondary to an alterationm in these
regulatory systems. Thus, studies on GABA neurotransmission have
not only yielded insights with regard to the characteristics of
this receptor, they have also provided pew ©perspectives with
regard to receptor mechanisms, the etiology of psychiatric

illness, and the development of novel therapeutic agents.
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' FIG. | Schematic representation of the components associated
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Photolabeling studies indicate that the GABA and ;Qi
y A N
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RECEPTOR-MEDIATED MODULATION OF NEUROTRANSMITTFR-STIMULATED CYCLIC AMP I
ACCUMULATION IN RAT BRAIN SLICES AL_;J

5
s. J. ENNAlANDE. W. KARBON®

.3quly’u”,ﬁ:
el @ L .

lNova Pharmaceutical Corporation, 5210 Eastern Avenue, Baltimore, Maryland "
21224, and 2Department of Pharmacology, Yale University School of Medicine, {;{{
333 Cedar Street, New Haven, Connecticut 06510. t;g;
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INTRODUCTION o '1
Neurotransmitter receptors regqulate cellular activity in at least two ways; f:-i
through a direct coupling to an ion channel, or through an association with a i‘“‘
second messenger system (l). In the latter case, activation of the receptor 33;1
recognition site initiates a series of biochemical events resulting in the E:

stimulation or inhibition of an enzyme that catalyzes the formation of an ?:
L

intracellular second messenger such as cyclic AMP or diacylglycerol. These

substances in turn promote protein phosphorylation by stimulating kinase

2ty

activity (2,3). .
One characteristic of receptor function that has received intense scrutiny ;:&.
in recent years is the manner in which the sensitivity of these sites is X
regulated (4,5). Thus, prolonged activation or blockade of receptor
recognition sites can lead to a decrease or increase, respectively, in their
density. Such a change is thought to be important for maintaining synaptic
homeostasis. Transmitter receptors are subject to short-term regulaticn as
well. For example, the benzodiazepines, a class of central nervous system
depressants, influence chloride ion flux by altering the sensitivity of
v-aminobutyric acid (GABA) receptor sites, an effect that occurs immediately
upon exposure to these drugs. Such discoveries have reinforced the notion
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that synaptic activity :s unde: the continuous :nfluence of reFi.avirs tnac
maintain a proper ba.ance betweern the Jediee T recreptlr oocuban.Ty and the
effector response.

Siver the numpe: C©f COmMPONENnts asSIUiatesl w.oll Lerenti - IlylLel el

messenger systems, 1l is NOT SUITILEINT Lhal Lhese L.Jna.

may be :nfiuencecd by neuromodilatory surstantes T wW.tr o rezar. e

adenv.ate cvc.ase SVSUem, activatior Tl Tertalr rereptors e o f

adrenergic’ ieads IC A TOUDLINT DETWRD tNe terertll and @ Tuatine nuoel T e
pinding pretean CNs . Thne N protelr—CTT TOompLex STiMu.ates tne _atalt oL
of ageny.ate oyolase, facilitatinT tne conmversion P OATE or oLl AMTO e
ntracellu.la:r .eve.s ol Tycliz AMF are regu.atel M Lhwe amo.wnt oanc atiiv.ty Lo

adenylate Tyc.iase, as well as D\ DATOSDNNIIESTEIASEeS THAT TONVeTt TVILDT AME o
tne Corresponding S'-nuiiestige.  The interaciive natale Cf il osvelen mares
possibie a rapi:¢ mod:fication in refeptlr funrtiOon LNIODLTIT Ar a.teralilt LY
any one cf tnese Camponents.

Amonc the £.:IsT tC Qescribe a receriTi-meliatel, :ndiiert ni.uenle o7

'TL1C AMP atcumilation were Jaly and nis colleagues T fF . These

ovolis
investigaters found that altnougn c-alIenersis Teleprtlr aJonisis have Litile

iniluence on second messenger aTCTUTMLAILON LN Dlaln IiSSue, Lney creal.ly

amclify tnhe S\Tiit AMP response observel during expIsure LT sunstanTes e.c
i1scproterencl  tnat directly stimulate agenyiate Tytlase. It was Ionzluaed

That the bra.n c-adrenergic recectisr Svstem, wnile not Zirecilv affiliated
with adenyla:e Tyziase, can mocdify the rate cor amount ¢f covoliiz AMF
Dy a neurctransmitter that cirectly aci:vates the enzvme, Tnis lmolies thas
certair endogeneous adents modu.ate neurotransmitter receplor response
bra:n. More recent work has sugaested that one of these is GABA (¢,10'.

Thas, GABEE,
in brain slices in a manner similar tc that reported for o—adrenergic receptor

PRy

substances (5,10;. Tnis suggests that 3ARA, through an interaction with a

but not GAB:, receptcr agonists audment cyclic AMP accumuliation

subzlass of GABA recepiors, regulates the receptor responses elicited by
variecy cf neurotransmitter agencts.

Tne present report is designed to highlight data supporting the concept of
a receptor-meciated augmentation cf second messenger responses in brain.
Particular emphasis is piaced on findings related to the biochemical
properties cf this regulatory phenomenon, and on the implication of these

tesults with respect to the design of new therapeutic agents.

AURIENTATION OF CYZLIC AMP RESPONSES
It has been estimated that up to 40% of central nervous system neurons
contain GABA4., Given the high concentrasion and widespread distribution of
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MBS LT seems L ise.y that tne raln conta:ns several pharmacologically
<.gt,v ot -eceprtore trr ounie substance.  The best characterized of these is
-na° ass. .ate. w.t' ohi.cisde son channels (1l). These receptors, classified
As Wb,  ate [.oTeeI oy Diululliine and, 1n some cases, are associated with
teczoaz.arer.ne inding sites.  Studies with f-p—chlorophenyl GABA (baclofen),
2 WARS ana. s su3aest a second class of GABA receptors, the GABAB site (12).
Taese tereptiiioare not zoocwked Dy ficuculline., In fact, no selective
a~tazrr. st nave ver peer. discovered for this site. Nevertheless, a variety
-4 romamul.ine-resistant responses to baclofen and GABA have been identified,
sapmwriing the eaistence of a GABA receptor population that differs from the
AhGA, s:te.  Stulies aimecd at defining the effector mechanism associated with
RS recertors inzluded experiments to determine whether the GABAB system is
assoriatel witn second messenge. production. While it has been found that
ShB4. agcnists innibit adenylate cyclase in rat brain homogenates (13),
ne.tner GABA nor paciofen directly modifies cyclic AMP accumulation in brain
s.:ces 10, although they augment the cyclic AMP response observed in the
rresence cf :soproterenol, a f-adrenergic receptor agonist (Table 1.). Thus,
.r. tne presence of pactlofen, the cyclic AMP response to a saturating
concentrazion of

tne f-adrenerc.: agonist is increased approximately 3-fold. This augmentation
s ncentration-dependent, with the ECSO fcr baclofen being approximately 6
v¥. The increased response obtained with the isoproterenol-baclofen
combination is not due to a baclofen-mediated inhibition of phosphodiesterase,
ner is it the result of a baclofen-induced increase in f-adrenergic receptor
affinity or number (10). Moreover, tne baclofen response is mimicked by GhBA
itself, suggesting that it is mediated by a GABA receptor system.

Furthermore, the augmentation is not restricted to f-adrenergic receptcre, ou-

- is observed with many substances known to stimulate adenylate cyclase :n

g
LS

:S{ brain, including vasoactive intestinal peptide (VIP), adenosine ans n.s-av -
Z;:‘., (10). These

" findings suggest that GABA, through an action at GARA_ recerptic:: e -
Eg! rather than mediates, cyclic AMP accumulation in brair.

b The results with baclofen are remarkadly simola:r 2o wnie - ‘

;ij‘ for oc-adrenergic agonists (8, 14, 13). Thus, wnern 1zt 1o

h incubated with €-fluoroncrepinepnrine, & nor-se.eTt -

. nc change in cyclic AMP accumulaticr was nrte  TalL

:;j’ co-incubatior. of é-fiuoronorepinepncine witr s

i increased the amount cf sezcnd meseernze: - -

&; f-adrenergic agonist. In TniS Zase & oot

L) 6-fluoronoreginepniine zounlel L

R

.;\

) .'V'J'"
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GRABA, agonists, c-adrenergic agonists augment the cyclic AMP response to
numerous neurotransmitters (14). Pharmacological studies suggest that the

Y v A

o

o—adrenergic receptor-mediated augmentation of second messenger accumulation

Y

-~

has characteristics of both o= and uz-adrenergic receptor systems

e

Table 1. The influence of baclofen, 6-fluoronorepinephrine, and phorbol
esters on basal and isoproterenol-stimulated cyclic AMP accumulation in rat

SV bl HA)

"y

b

brain cerebral cortical slices. Tissue was prelabeled with 3H-adenine and
then incubated with baclofen (50 uM) 6~fluoronorepinephrine (10 uM) or one of
the phorbol esters (10 uM) alone or in combination with isoproterenol (10 uM),
after which 3H—cyclic AMP was isolated and gquantified. Each value represents
the mean + s.e.m. of 4-6 separate experiments, each of which was analysed in
duplicate. Adapted from (10, 14, 19).

s

* P ¢ 0.05 compared to isoproterenol alone (two-tailed t-test).

Cyclic AMP Accumulation
(% Conversion)

Incubation Condition Basal With Isoproterenol
Control 0.06 + 0.005 C.38 + 0.03
I_:f Baclofen 0.11 + 0.02 1.14 + 0.09* =
2 6-Fluoronorepinephrine 0.07 + 0.005 0.77 + 0.04% N
4-6~Phorbol 12,13-Dibutyrate 0.06 + 0.004 1.20 + 0.07* o
b : 4—o~Phorbel 0.05 + 0.005 0.36 + 0.03 ;
.:: N
. >
) <
25 (14, 15). It is interesting that, as with GABR, receptor agonists, &
ron az-adrenergic agonists have been shown to inhibit adenylate cyclase activity S
. under certain conditions (16).
o 3
E;3§ POSSIBLE INVOLVMENT OF PHOSPHOLIPASE A, AND PROTEIN KINASE C N
% Experiments aimed at defining the mechanism whereby GAEJ-.B amd ec—adrenergic
050 agonists augment cyclic AMP accumulation have revealed a strict calcium
:S;S dependency for this phenomenon. Thus, the calcium chelator EGTA has no effect
35‘.: on isoproterenol-stimulated cyclic AMP accumulation in rat brain cerebral
. cortical slices at concentrations up to 2.5 ¢M (Table 2). However, this con-
- centration of EGTA reduces the cyclic AMP response observed in the presence of
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baclofen and isoproterenol, with the maximal reduction being to a level
identical to that found with isoproterenol alone, suggesting that EGTA
eliminates the baclofen-mediated augmentation. Likewise, EGTA attenuates the
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cyclic AMP response to norepinephrine to the level found with isoproterenol
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alone, indicating a selective elimination of the o—adrenergic receptor
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response (Table 2). iﬁ
Table 2. The effect of EGTA and quinacrine on receptor-stimulated cyclic AMP i;
accumulation in rat brain cerebral cortical slices. The tissue was incubated :j;
with norepinephrine (100 uM) or isoproterenol (10 4M) alone, or with ?ﬁ
isoproterenol and baclofen {50 wM) after prelabeling with 3H-adenine. In some ;Eg
cases the incubations were conducted in the presence of 2.5 uM EGTA or 250 uM P:%
quinacrine. Following these exposures, 3H—cyclic AMP was isolated and EEE

quantified. Each value represents the mean + s.e.m. of 3-5 separate
experiments, each of which was conducted in duplicate. Adapted from (15).

*P ¢ 0.05 compared to corresponding control (two-tailed t-test).
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Cyclic AMP Accumulation
{$ Conversion)

Stimulant Control + EGTA + Quinacrine
Isoproterenol 0.54 + 0.04 0.58 + 0.05 0.49 + 0.05
Baclofen-Isoproterencl 1.95 + 0.24 0.54 + 0.08* 1.02 + 0.08%
Norepinephrine 1.50 + 0.12 0.52 + 0.07* 0.50 + 0.05*

These data have been taken as evidence that the auamenting response is
associated with a calciumdependent enzyme. Given the suggestion that cyclic
AMP production may be influenced by prostaglandins (17), it seems possible
that phospholipase A, (PLAz), a calcium-dependent enzyme that catalyzes the
formation of arachidonic acid, the precursor of prostaglandins, may
participate in the response. To test this, the «c—adrenergic and
GABAB-mediated augmentation of seccnd messenger production was examined in the
presence ol guinacrine, a non-selective inhibitor of PLA2 {15). As with EGTA,
gQuinacrine (250 uM) completely eliminated the c—adrenergic component of
norephinephrine-stimulated cyclic AMP accumulation in rat brain slices (Table
2}). Moreover, quinacrine greatly reduced the baclofen-mediated augmentation
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of cyclic AMP accumulation (Table 2). This effect of quinacrine is :3
concentration-dependent, displaying an ECc) of approximately 120 uM. &
Because of the non-selective nature of quinacrine, it is possible that its v
effect on the augmenting response is due to some action unrelated to PLAz. E%
However, quinacrine alone does not influence isoproterenol-stimulated cyclic N
AMP accumulation, suggesting that it does not directly inhibit adenylate tj

cyclase. Moreover, chronic administration of glucocorticoids or ACTH causes a
reduction in the GABA~ and o—adrenergic-mediated augmentation (15). Inasmuch
as glucocorticoids stimulate the production of endogenous inhibitors of PLA,,
this finding supports the notion that PLA, may be an important mediator of the
augmenting response to GABA and o—adrenergic agonists. Interestingly,
substances that inhibit the metabolism of arachidonic acid do not selectively
modify the augmenting response to GABAL and o-adrenergic agonists (17). This
suggests that arachidonic acid itself, or perhaps lysophospholipid, mediates
the actions of baclofen and c—adrenergic agonists on cyclic AMP accumulation.

Tumor promoting phorbol esters, such as 4-g-phorbel 12,13-dibutyrate (PDBu)
are also capable of augmenting second messenger responses in brain slices (18,
19). As with baclofen, PDBu has no effect on cyclic AMP accumulation itself,
while greatly amplifying the production of this second messenger in the
presence of isoproterenol or other agents that directly stimulate adenylate
cvclase (Table 1). At a concentration of 10 uM, PDBu increases
isoproterenol-stimulated cyclic AMP accumulation almost 4-fold in rat brain
cerebral corical slices. The similarity between the responses to PDBu,
baclofen and o—adrenergic agonists suggest they may act by a similar mechanism.

A prominent action of PDBu is stimulation of protein kinase C, a
calcium-dependent enzyme that catalyzes the phosphorylation of a variety of
proteins (3). Importantly, phorbol esters incapable of stimulating protein
kinase C, such as 4oc-phorbol, are incapable of augmenting cyclic AMP
accumulation (Table 1). This makes it appear that stimulation cf protein
kinase C is a critical factor in the cyclic AMP augmenting response to these
substances. Protein kinase ¢ is stimulated in vivo by diacylclycerol, a
second messenger produced by the action of phospholipase C, a neurotransmitter
receptor-coupled enzyme (20). While neither GABR, nor az-adrenegic agonists
stimilate phospholipase C (15), a number of phospholipids, including
arachidonic acig, do (21,22). Therefore it is possikble that the arachidonic
acid formed by the action of these substances could stimulate protein kinase
C, mimicking the effect of tumor-promoting phorbol esters. It is conceivable,
however, that although the augmenting effect of phorbol esters, GABA, and
o-adrenergic agonists are similar, they act by different mechanisms. 1In fact,
it has been shown that prolonged exposure to phorbol esters causes a
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down-regulation of protein kinase C activity in rat brian slices and an
attenuation of their cyclic AMP augmenting response (19, 23). However, this
treatment had no effect on GABAB or e-adrenergic receptor-mediated
augmentation of cyclic AMP accumulation, implying that protein kinase C may
not contribute to the action of these agents. In this regard, it would be
useful to identify those proteins associated with the cyclic AMP system that
are phosphorylated during activation of kinase C to determine whether baclofen
and c-adrenergic agonists influence similar substrates. In platelets it has
been found that stimulation of protein kinase C causes the phosphorylation of
the alpha-subunit of the inhibitory quanine nucleotide binding protein, Ni
{24). Thus it is possible that the phosphorylation and subsequent
inactivation of inhibitory influences could account for the increase in the
responsivness of the adenylate cvclase system noted with baclofen,
oc—adrenergic agonists and PDBu. Taken together, these findings have yielded a
series of testable hypotheses that can be explored to define the mechanism(s)
whereby endogeneous substances, through an action at brain receptor sites,
modulate second messenger systems.

CONCLUSION
One of the more precise ways to influence central nervous system function

is to administer drugs that interact with a particular group of
neurotransmitter receptors. However, direct inhibition or stimulation of
these sites may not be the most effective way to overcome a neurochemical
imbalance. Given the likelihood that a certain level of synaptic actvity is
necessary for optimal functioning, complete receptor blockade with
antagonists, or a direct stimulation with agonists, is unlikely to yield the
appropriate balance necessary for establishing normal activity. A more
desirable strategy may be to develop drugs that manipulate synaptic function
in a more subtle manner, such as occurs with endogenous modulatory substances.

Support for this hypothesis is provided by the findings with benzodiazepines,
one of the safest and most effective classes of central nervous system drugs.
The unique clinical profile of these agents appears due to their ability to
facilitate GABA receptor responses rather than to directly activate this
system. By acting in this way, the benzodiazepines do not stimulate the
transmitter receptor beyond its normal limits, yielding a more modest,
although more therapeutically useful, response. Given such findings, it is
important to identify those substances in brain that are capable of regulating
neurotransmitter receptor responses in order to design new therapeutic agents
that can manipulate these systems.

Among the regulators identified are GABA and o-adrenergic agonists. As
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opposed to classical neurotransmitters, these substances alone have no direct
effect on cyclic AMP accumulation in brain slices, but rather augment the
production of this second messenger that occurs in the presence of other
agents such as B-adrenergic agonists, adenosine, and VIP. Assuming that a
simliar response occurs in vivo, these data suggest that GABA and endogeneous
agonists for the e-adrenergic system may act as neuromodulators rather than
neurotransmitters. While the dysfunction of such a neuromodulatory system may
cause only a modest change in brain neurochemistry, it could bring about a
dramatic alteration in behavior. Therefore it is conceivable that one of the
difficulties associated with identifying the biological abnormalities
responsible for major psychiatric illnesses may be because these disorders are
related to an absence or overabundance of neuromodulatory activity rather than
to a dramatic change in neurotransmitter function. Even if mental illness is
unrelated to a change in neuromodulation, the manipulation of such systems
could be of therapeutic benefit. 1Indeed it has been reported that baclofen
facilitiates the antidepressant-induced change in brain neurochemistry that is
thought to be associated with the clinical response to these agents (25). A
better understanding of the biochemical mechanisms associated with
neuromodulator receptor function could lead to the development of drugs that
can alter brain neurotransmitter activity by either directly modifying the
modulator site or its association with the neurotransmitter receptor. Besides
being therapeutically useful, such agents could aid in defining the biological
abnormalities associated with neuropsychiatric illness.
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